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It takes two to tango: Ubiquitin and SUMO in the DNA 
damage response 



The complexity of living cells is primarily determined by the genetic information encoded 
in DNA and gets fully disclosed upon translation. A major determinant of complexity is 
the reversible post-translational modification (PTM) of proteins, which generates variants 
displaying distinct biological properties such as subcellular localization, enzymatic activity 
and the ability to assemble in complexes. Decades of work on phosphorylation have 
unambiguously proven this concept. In recent years, the covalent attachment of Ubiquitin 
or Small Ubiquitin-like Modifiers (SUMO) to amino acid residues of target proteins has 
been recognized as another crucial PTM, re-directing protein fate and protein-protein 
interactions. This review focuses on the role of ubiquitylation and sumoylation in the 
control of DNA damage response proteins. To lay the ground, we begin with a description 
of ubiquitylation and sumoylation, providing established examples of DNA damage 
response elements that are controlled through these PTMs. We then examine in detail 
the role of PTMs in the cellular response to DNA double-strand breaks illustrating 
hierarchy, cross-talk, synergism or antagonism between phosphorylation, ubiquitylation 
and sumoylation. We conclude offering a perspective on Ubiquitin and SUMO pathways 
as targets in cancer therapy. 
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INTRODUCTION 

The components of signal transduction pathways are organized in 
a hierarchical manner and communicate with one another. In its 
simplest formulation, a signaling pathway can be represented with 
a linear cascade where unidirectional arrows connect a stimulus 
to the final response through a defined number of intermedi- 
ates. The recent sequencing of animal and plant genomes and 
the advent of systems biology have changed this perspective. 
Proteome scale interaction studies have unveiled the existence 
of interfaces between pathways and shown that the multiplicity 
of interactions among their components likely accounts for the 
array of outputs observed in biological systems. While this novel 
perspective represented per se a step forward, it still had the intrin- 
sic limitation of merely providing a static snapshot of biological 
networks. The need for a more realistic picture of signal trans- 
duction prompted the development of predictive modeling that, 
by representing the dynamic flow of information, accounts for the 
fluctuation of variables as it actually occurs in defined biological 
systems (Barabasi and Oltvai, 2004). Despite their intrinsic limi- 
tation though, "snapshots" provided by reductionist approaches 
currently represent our best option to study and explain the 
functioning of signal transduction networks at the molecular 
level. 

Considering that proteins are the constitutive elements of 
cellular networks and they hierarchically relate to each other, 
modification of structural or enzymatic traits of one or more ele- 
ments in a network will necessary affect network properties and 
result in outputs that are directly observable (i.e., cell prolifera- 
tion in response to growth factors, cell cycle arrest or terminal 



differentiation in response to antimitogens or differentiation 
factors, respectively). Alteration of the properties of network 
components is achieved through post-translational modifications 
(PTM), consisting in the covalent addition of chemical groups to 
one or more amino acids of a protein target in a manner that is, 
in most cases, reversible. The hierarchical, synergistic or antag- 
onistic combination of PTMs defines a code that translates into 
distinct outputs. 

HISTORICAL PERSPECTIVE 

Ubiquitin entered the arena of scientific discoveries in the mid- 
seventies as result of serendipity and pioneering work initiated 
in the midst of more trendy studies addressing how the infor- 
mation contained in DNA is decoded to generate the variety 
of proteins that make up a cell (Ciechanover, 2009). Studies 
aimed at elucidating the molecular mechanism of liver regen- 
eration led to the identification of a non-histone chromosomal 
protein, named A24, displaying physicochemical properties sim- 
ilar to those of histones. The localization of A24 in nuclear and 
nucleolar chromatin as well as its marked decrease upon nucleo- 
lar hyperthrophy led to the suggestion that A24 might represent 
a rDNA repressor (Goldknopf et al., 1975). Ciechanover and col- 
leagues came to the discovery of Ubiquitin from another front. 
Based on the concept that synthesis and destruction of cellu- 
lar proteins are homeostatic, with a perfect equilibrium being 
a necessary condition for life, they undertook studies on mech- 
anisms of protein degradation. Using reticulocytes as model 
system, that are known to get rid of lysosomes during terminal 
differentiation but retain the ability of degrading hemoglobin, 
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they set out to identify the non-lysosomal mechanism of pro- 
tein degradation present in these cells. Using classic biochemical 
protocols consisting of chromatographic fractionation of crude 
cell extracts followed by reconstitution of the enzymatic activity 
of interest through complementation of fractions, they discov- 
ered that proteolysis occurs through a cascade of events culmi- 
nating in the covalent addition of a heat-stable component to 
proteins targets. Such component was named ATP-dependent 
proteolysis factor 1 (APF-1) and is now known as Ubiquitin 
(Ciehanover et al., 1978). Protein modification by APF-1, in 
turn, was shown to facilitate selective target recognition by the 
proteolytic machinery (Hershko et al, 1980). The subsequent 
discovery of several Ubiquitin-like proteins (UBLs) helped shed- 
ding light on the complexity of this PTM. UBLs were essen- 
tially demonstrated to have functions other than the control of 
protein degradation. This is the case of the "Small Ubiquitin- 
like Modifier", in short SUMO, which was identified as a PTM 
of RanGAP (Matunis et al, 1996; Mahajan et al, 1997), the 
activator of the GTPase Ran that controls shuttling of cargos 
across the nuclear membrane. Sumoylation was shown to facil- 
itate association of RanGAP with the nuclear envelope (Mahajan 
et al., 1998). Other notable examples are NEDD8, which can 
be covalently linked to cullins (Hori et al., 1999), the scaffold 
components of multisubunit Ubiquitin E3-ligases, in a man- 
ner that affects their activity; ISG15, which is conjugated to 
target proteins upon IFNa/f5-induced viral response or inflam- 
mation (Jeon et al., 2010; Zhao et al., 2013); Urml, which has 
low sequence homology to Ubiquitin (Goehring et al., 2003), 
though it displays a similar fold and is involved in oxidative 
stress responses in yeast; and, finally, the Atg cascade control- 
ling autophagy in yeast and man, which is the main mech- 
anism responsible for the degradation of cellular components 
in response to nutrients starvation. This consists of the El- 
like enzyme Atg7, the E2-like components Atg3 and Atg7, and 
the E3-like Atgl2-Atg5 conjugate that facilitates transfer of the 
Ubiquitin-like modifier Atg8 to phospholipids (Hanada et al., 
2007). 

UBIQUITYLATION 

Ubiquitin is a highly conserved regulatory protein of 76 amino 
acids (8.5 kDa), which is constitutively expressed in all tissues of 
eukaryotic organisms. In mammalian cells, Ubiquitin is encoded 
by 4 genes: RSP27A, UBA52, UBB, and UBC (Kimura and 
Tanaka, 2010). The ATP-dependent conjugation of Ubiquitin 
C-terminal glycine (G76) to lysine residues in the substrate 
leads to the formation of an isopeptide bond. Ubiquitin itself 
contains seven lysines behaving as acceptors for additional 
Ubiquitin molecules to generate poly- chains. Ubiquitylation is 
carried out in a cascade of reactions: first, a thiolester bond 
is formed in an ATP-dependent manner between a cysteine in 
the active site of the El-activating enzyme and Ubiquitin G76. 
Second, Ubiquitin is transferred to the active cysteine of an 
E2-conjugating enzyme. Finally, an E3-ligase enzyme binds the 
E2-Ub complex and transfers Ubiquitin to lysine residues of the 
acceptor substrate (Hershko and Ciechanover, 1998) (Figure 1). 
Mammalian cells express only 2 Els, approximately 38 E2s and 
more than 600 E3s. 



E2-C0NJUGATING ENZYMES 

E2-conjugting enzymes can be classified in 17 subfamilies 
(Michelle et al, 2009) characterized by an active core called 
UBC (Ubiquitin-conjugating) domain. Ubiquitin E2 enzymes are 
structurally similar to UBL modifiers E2s, though the former can 
specifically interact with the two Els involved in ubiquitylation 
(Ye and Rape, 2009). Each E2 enzyme can interact with multi- 
ple E3s, as demonstrated for Cdc34 (E2) and SCF complexes (E3) 
(Skowyra et al, 1997) or the UBE2C/UBE2S (E2s) and the APC/C 
(anaphase promoting complex/ cyclosome; E3) (Williamson et al., 
2009) or as shown in network interaction studies (Markson et al., 
2009). Specificity is provided by the N-terminal region of the 
E2 where the amino acidic sequence determines the secondary 
structure of loops (LI and L2) that contact two loops and an 
a-helix of the E3 (Zheng et al., 2000). For E2s interacting with 
more than one E3, the residue involved in recognition usually dif- 
fers from one E3 to the other (Zhang et al., 2005a). The binding 
affinity between Ubiquitin-charged E2s and their cognate E3s is 
generally high, rendering very fast the kinetic of interaction (Das 
et al., 2009). Moreover, binding sites for El and the specific E3 
often overlap in the E2, such that the E2 must dissociate from 
the E3 to be charged with Ubiquitin by the El and vice- versa 
(Eletr et al., 2005). E2 enzymes catalyze Ubiquitin chains initi- 
ation and elongation. Whereas some of them, such as UBE2W 
and UBE2E in humans, are specifically used by their E3 BRCA1 
for chain initiation, the heterodimeric complex UBE2N-UBE2V1 
and UBE2K are mainly involved in chain elongation (Christensen 
et al., 2007; Rodrigo-Brenni and Morgan, 2007; Jin et al, 2008b). 
Few E2s can mediate both processes, as illustrated by yeast Cdc34 
that, together with SCF, is responsible for initiating Ubiquitin 
chains formation on Sicl (cell cycle inhibitor subunit of cyclin- 
dependent kinase 1) in a non-interacting manner and for chain 
elongation by direct interaction with the substrate (Petroski and 
Deshaies, 2005). 

E3-LIGASES 

E3s are often part of multimeric complexes and can be divided 
in two main classes: HECT (Homologous to E6AP COOH- 
terminus) and RING (Really Interesting New Gene). A cysteine in 
HECT E3s catalytic domain binds Ubiquitin and transfers it to the 
substrate in an E2-independent manner (Kulathu and Komander, 
2012) (Figure 1). The C-terminal domain of HECT E3s is highly 
conserved and retains both catalytic activity and the determi- 
nants for chain type specificity (You and Pickart, 2001), while 
the N-terminal region determines substrate specificity (Huang 
et al., 1999). Established members of the HECT family are 
E6AP, a partner of the oncogenic E6 protein of human papillo- 
mavirus, responsible for p53 downregulation (Huang et al., 1999), 
Itch/AIP4, with roles in the inflammatory signaling pathways 
(Chastagner et al., 2006) and Nedd4 and Nedd4L that partici- 
pate in the development of mouse central nervous system (Kumar 
et al, 1992). 

The vast majority of E3-ligases known to date belongs to 
the RING family and is characterized by the presence of the 
Cys/His-rich RING finger domain. The RING finger brings in 
close proximity substrate and activated E2 enzyme, with the 
latter directly transferring Ubiquitin to the former (Figure 1). 
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FIGURE 1 | Simplified scheme of ubiquitylation. The ubiquitylation 
cascade initiates with an ATP-dependent reaction consisting in the 
formation of a thiolester bond between a cysteine in the active site of 
the E1-activating enzyme and G 7 6 in Ubiquitin (Ub). Next, Ubiquitin is 
transferred to the active cysteine of an E2-conjugating enzyme that 
interacts with an E3-ligase. The latter can either directly transfer 



Ubiquitin to lysine residues of the acceptor substrate, as is the case 
for HECT-E3s, or recruit substrates to the E2 enzyme, a mechanism 
that characterizes RING-E3s. Finally, ubiquitylated substrates are shuttled 
to the 26S proteasome and Ubiquitin is recycled for another round of 
reactions. DUBs oppose substrate degradation by reversing the process 
of ubiquitylation. 



A domain structurally related to the RING finger, the U-box, is 
found in many E3 ligases of this class (Deshaies and Joazeiro, 
2009). Radl8 was the first identified RING domain-containing 
protein and, together with the E2-conjugating enzyme Rad6, was 
shown to be essential for post-replicative bypass of UV-induced 
DNA damage in yeast (Bailly et al, 1997). The RING domain, 
along with a B-box (zinc-binding fold similar to the RING) and 
a coiled-coil region (CC), collectively called RBCC supradomain, 
characterizes the 80 members of the TRIM (Tripartite Interaction 
Motif) family of E3-ligases (Marin, 2012). A small subfamily of 
E3 ligases is characterized by the presence of three RING domains: 
an N-terminal (N-RING), a in-between (IBR) and a C-terminal 
(RING2 or C-RING) (Eisenhaber et al, 2007). Parkin, a protein 
involved in Parkinson's disease, is the best-characterized mem- 
ber of this subfamily (Chaugule et al, 2011). The Cullin/RING 
Ubiquitin ligase (CRL) subfamily represents the largest subgroup 
of the RING-finger E3 ligases (Deshaies and Joazeiro, 2009). CRLs 
are multisubunit E3s composed of a RING finger domain pro- 
tein (Rbxl or Rbx2) responsible for recruiting the ubiquitylated 
E2 enzyme, a scaffold protein member of the Cullin family and 
a receptor for substrate recognition (F-box protein). Some CRLs 
additionally feature a linker protein, such as Skpl in the SCF 
complex or CRL1 and DDB1 in the CRL4 complex (Deshaies 
and Joazeiro, 2009). CRLs are activated by a PTM consisting 
in conjugation of NEDD8 to the Cullin component (Pan et al., 
2004). 



ATYPICAL UBIQUITIN CHAINS 

Ubiquitylation indicates the process of single Ubiquitin moiety 
addition to a substrate as well as its extension to form Ubiquitin 
polymers. Chain extension can occur at all seven lysine residues 
present on Ubiquitin (Kg, Kn, K27, K29, K33, K48, K63) (Ikeda and 
Dikic, 2008). E2s such as UBE2N (UBC13) or UBE2RI (CDC34) 
show specificity for linkage to Kg3or K48, respectively (Vandemark 
et al, 2001; Petroski and Deshaies, 2005). Others, like UBE2D 
and UBE2E, can promote different types of Ubiquitin chains 
formation (Kim et al., 2007). K48 and K63 linked chains repre- 
sent the two mostly studied modifications by Ubiquitin, with the 
first essentially involved in degradation by the 26S proteasome 
(Komander and Rape, 2012) and the second mainly affecting 
the function of signaling components (Sun and Chen, 2004) and 
DNA repair proteins (Chen and Sun, 2009). Proteins undergoing 
degradation are recognized by the substrate receptor component 
of the 26S proteasome only if they contain chains longer than 
four Ubiquitin moieties (Thrower et al., 2000). The processiv- 
ity of such chains, which is the number of Ubiquitin moieties 
attached to a protein or to a growing Ubiquitin chain while it 
is associated to the E3 ligase, determines the rate of substrate 
degradation (Rape et al., 2006). Kg-linked chains do not likely 
have a proteolytic role (Kim et al., 2011). Kn-linkage, on the 
contrary, plays a key role in the degradation of cell cycle regu- 
lators as well as in endoplasmic reticulum associated degradation 
(ERAD) and membrane trafficking (Behrends and Harper, 201 1). 
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Little is known about the relatively low abundant K27-, K29- 
and K33-linkages (Komander and Rape, 2012). An additional 
type of Ubiquitin chain assembly was recently discovered, the 
so-called LUBAC (Linear Ubiquitin Chains Assembly Complex), 
which is formed by a complex of two E3 RING-finger ligases, 
HOIL-1L and HOIR This type of linkage is characterized by 
head-to-tail assembly, in which the C-terminal glycine of the pre- 
vious Ubiquitin is linked to the methionine residue of the next 
Ubiquitin. Linearly-linked Ubiquitin chains are mainly involved 
in targeting proteins with a role in innate and adaptive immune 
signaling pathways (Walczak et al., 2012). Finally, evidence for 
the presence of more than one linkage type in the same poly- 
Ubiquitin chain has been provided (Kim et al., 2007). Mixed 
Ubiquitin chains were shown to result from the activity of the 
RING finger proteins Ring IB and Bmil. The latter are com- 
ponents of the Polycomb repressive complex 1 (PRC1), with 
RinglB displaying E3-ligase activity toward histone H2A. Mono- 
ubiquitylation of H2A was shown to depend, at least in vitro, from 
self-ubiquitylation of RinglB through the generation of atypical 
mixed K6-, K27-, and K48-based chains on the same Ubiquitin 
molecule (Ben-Saadon et al., 2006). 

DEUBIQUITYLATING ENZYMES 

Ubiquitylation is a reversible process, with deUbiquitinases 
(DUBs) being responsible for the disassembly of Ubiquitin 
chains (Nijman et al., 2005). Deubiquitylation controls cell cycle 
transitions, proteasome- and lysosome-dependent degradation 
pathways, DNA repair, endocytosis and signal transduction path- 
ways among others. Importantly, DUBs participate in control- 
ling the dynamic state of histone ubiquitylation. An essential 
function played by DUBs is the co-translational activation of 
Ubiquitin, which is expressed as fusion to ribosomal proteins 
or in linear poly-Ubiquitin chains (Reyes-Turcu et al., 2009). 
A second important function is the recycling of free Ubiquitin 
from unattached chains (Komander et al., 2009). The human 
genome encodes approximately 100 DUBs, distinguished in five 
families: Ubiquitin C-terminal hydrolases (UCH), Ubiquitin spe- 
cific proteases (USP/UBP), ovarian tumor (OUT), Josephines 
and JABl/MPN/Mov34 metalloenzymes (JAMM) (Reyes-Turcu 
et al., 2009). Whereas the first four families behave as cysteine 
proteases, JAMM function as zinc-dependent metalloproteases. 
To prevent inappropriate or unscheduled cleavage of substrates, 
DUBs activity is controlled by a variety of PTMs, including 
phosphorylation, ubiquitylation and sumoylation (Reyes-Turcu 
et al., 2009). Besides the catalytic domain, DUBs feature protein- 
protein interaction domains and Ubiquitin-binding domains that 
facilitate formation of multimeric complexes and interaction 
with substrates, respectively. In most cases, binding to Ubiquitin 
causes DUBs to undergo conformational changes that expose 
the catalytic site, which is often hidden by a loop or a larger 
domain (Reyes-Turcu et al, 2009). DUBs such as USP14, UCH37, 
and POH1 are often found associated with the 19S sub unit 
of the proteasome, a feature that allows hydrolyzing the poly- 
Ubiquitin chain from the substrate and recycling Ubiquitin prior 
to channeling the target protein into the proteasome (Finley, 
2009). Reactive oxygen species (ROS) reversibly inactivate Cys- 
based DUBs, as exemplified by the key regulator of genomic 



stability USP1, the oxidation of which facilitates PCNA mono- 
ubiquitylation and the consecutive recruitment of Poll] for the 
repair of oxidation-induced lesions (Cotto-Rios et al, 2012). 

SHUTTLING TO THE PROTEASOME 

The destiny of proteins modified by K48 poly-Ubiquitin chains 
is degradation by the 26S proteasome. In the DNA damage 
response, this task is facilitated by shuttling orchestrated by ded- 
icated receptor proteins such as yeast Rad23, Dsk2, Ddil, and 
the Shpl/Cdc48/p97 complex. Receptor proteins recognize poly- 
Ubiquitin chains in their targets by virtue of Ubiquitin-Associated 
(UBA) domains and interact with subunits of the proteasome 
via Ubiquitin-Like (UBL) folds, thus effectively shuttling cargoes 
to the proteasome (Grabbe and Dikic, 2009). The yeast Rad23, 
which was originally identified for its role in nucleotide excision 
repair (NER), and its human homologues hHR23A and hHR23B 
are paradigmatic to this pathway. Rad23 contains two UBA and 
an N-terminal UBL domain that dynamically interacts with either 
one of the two UBA domains (Goh et al., 2008). Binding of an 
UBA domain to poly-Ubiquitin chains of the cargo protein dis- 
places the UBL domain that becomes available for interacting 
with the proteosomal sub unit 5a (Mueller and Feigon, 2003), 
facilitating the delivery of cargos to the proteasome. Paradigmatic 
is human p97 and its Ubiquitin-binding partner, the heterodimer 
UFD1-NPL4, that are recruited to DNA lesions and selectively 
remove K48 -Ubiquitin conjugates allowing the subsequent depo- 
sition of 53BP1, BRCA1, and Rad51 to regions undergoing repair 
(Meerang et al, 20 1 1 ) . 

SUMOYLATION 

SUMO proteins and Ubiquitin have only limited sequence iden- 
tity but they fold in a similar manner (Bayer et al., 1998). SUMO- 
2 and SUMO-3 are 95% identical but display only 43% identity 
to SUMO-1. SUMO proteins are generated as inactive precursors 
and processed by Sentrin/SUMO-specific proteases (SENPs) that 
catalyze the removal of a C-terminal oligopeptide, exposing the 
glycine that is conjugated to lysine residues in the target (Xu and 
Au, 2005). 

SUMO CASCADE 

As for Ubiquitin, SUMO-1, SUMO-2, and SUMO-3 are conju- 
gated to substrates through a dedicated E1-E2-E3 cascade. SUMO 
proteins bind the activating enzyme El [SAE1 and SAE2 in mam- 
mals, (Gong et al., 1999)] in an ATP-dependent manner and are 
transferred to the conjugating enzyme UBC9, which is the only 
E2 dedicated to SUMO conjugation (Johnson and Blobel, 1997). 
UBC9 is able to recognize and transfer SUMO to targets in the 
absence of a co-adjuvating E3, though E3-like proteins containing 
an SP-RING domain facilitate the process by enhancing the affin- 
ity of UBC9 for its substrates (Bernier-Villamor et al., 2002). In 
the absence of an E3, acetylation apparently provides a means for 
UBC9 to discern between substrates carrying extended vs. regular 
recognition motifs (see below) (Hsieh et al., 2013). 

The distinct mechanism of SUMO recognition and conju- 
gation likely depends on the different distribution of charged 
residues on the surface of SUMO proteins as compared to 
Ubiquitin (Melchior, 2000). Of the SUMO E3-ligases identified to 
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date, some display exquisite specificity, such as RanBP2 that selec- 
tively targets RanGAPl and SplOO (Pichler et al., 2002). Others, 
like the PIAS family of proteins that are the mammalian homo- 
logues of yeast Siz proteins, act as repressors of STAT3 (Chung 
et al, 1997) and a number of transcription factors (Schmidt 
and Muller, 2003). Similarly to RING Ubiquitin ligases, the 
Siz/PIAS SUMO E3-ligases do not physically bind SUMO but 
rather interact non-covalently with it. Furthermore, through their 
zinc-binding SP-RING domain they associate with UBC9. In this 
manner Siz/PIAS bring SUMO-loaded UBC9 in close proximity 
to the protein target and facilitate transfer of the SUMO mojety 
(Hochstrasser, 2001). Among other SP-RING type SUMO E3s, 
TOPORS was the first reported example of an E3 ligase support- 
ing the transfer of both Ubiquitin and SUMO (Rajendra et al, 
2004; Weger et al., 2005). 

SUMO CHAINS 

SUMO-2 and SUMO-3 can polymerize to form chains on protein 
substrates whereas SUMO-1 is only added as monomer (Tatham 
et al., 2001). It is established that some substrates are modified 
either by SUMOl, namely RanGAPl (Saitoh and Hinchey, 2000), 
or SUM02/3, namely PML, whereas others are modified indif- 
ferently by both SUMOl and SUM02/3 (Vertegaal et al., 2006). 
The reason for such heterogeneity in the SUMO conjugation pro- 
cess is currently unknown, though it may be in part explained by 
the different pools of SUMO proteins available in the cell, with 
SUMOl being mostly conjugated and SUM02/3 forming a free 
pool that is mobilized in response to environmental stress (Saitoh 
and Hinchey, 2000). 

The minimal core consensus sequence for recognition and 
sumoylation of target proteins is defined as <J>-K-X-D/E (with O 
being a hydrophobic residue). An extended sumoylation motif 
consisting in the sequence <t>-K-X-D/E-X2-(E/D)4_5 may com- 
prise sites of phosphorylation in the acidic stretch that follows the 
sumoylated lysine (Yang et al., 2006). 

The assembly of proteins complexes in response to sumoyla- 
tion was addressed by means of two-hybrid screens that led to the 
discovery of proteins bearing SUMO-interacting motifs (SIMs) 
(Hannich et al, 2005). 

DESUMOYLATING ENZYMES 

As for other PTMs, sumoylation is a reversible process. The 
enzymes reversing sumoylation belong to the class of SENP 
proteins that control SUMO maturation from precursor polypep- 
tides. Of the six SENP enzymes present in the mammalian 
genome, SENP1 and SENP2 display the ability of their yeast 
counterpart Ulpl to control both the maturation of SUMO pro- 
teins and desumoylation reactions. SENP1 and SENP2 display 
a slight preference for pre-SUMOl or pre-SUM02/3, respec- 
tively, in the process of maturation but act equally well on both 
during deconjugation (Xu and Au, 2005). SENP3 and SENP5 
preferentially remove monomeric SUM02/3 moieties, whereas 
SENP6 and SENP7 selectively act on SUM02/3 chains and do 
not participate in the maturation of SUMO proteins (Mikolajczyk 
et al., 2007). SENP enzymes are themselves controlled by sumoy- 
lation, ubiquitylation and subcellular localization (Hickey et al., 
2012). 



SUMO FUNCTION 

The role of sumoylation at the organism level became appar- 
ent thanks to studies in budding yeast showing that depletion 
of Ubc9 causes cell cycle arrest at G2/M (Seufert et al., 1995). 
Likewise, studies conducted in fission yeast showed that dele- 
tion of the Ubc9 homologue hus5 is not lethal but results in 
chromosome segregation defects (Al-Khodairy et al., 1995). Data 
obtained from chicken DT-40 cells showed that Ubc9 is essential 
for the viability of higher eukaryotic cells and its knockout results 
in the formation of multiple nuclei, likely due to cytokinesis 
defects, with a significant proportion of cells entering apopto- 
sis (Hayashi et al, 2002). Studies conducted in mice confirmed 
the severe phenotype of Ubc9 knockout, with embryonic lethality 
observed at early post-implantation stage. Furthermore, blas- 
tocysts failed to expand after 2 days in culture and displayed 
defects in chromosome condensation and segregation as well as 
dysmorphic nuclear envelopes and disruption of nucleoli and 
PML bodies (Nacerddine et al., 2005). Sumoylation has also 
been linked to human pathologies, in that human SUMOl hap- 
loinsufficiency was found to be responsible for cleft lip and 
palate, a finding corroborated by a mouse model (Alkuraya 
et al., 2006). Others, however, reported no obvious develop- 
mental defects in SUMOl knockout mice (Evdokimov et al., 
2008; Zhang et al., 2008), suggesting possible redundancy among 
SUMO proteins. 

THE SUMO ENIGMA 

A peculiarity distinguishing SUMO from other PTMs is the abil- 
ity of triggering fully-fledged responses despite a minor amount 
of the proteins involved in the response is actually modified by 
SUMO, a phenomenon denoted as "the SUMO enigma" (Hay, 
2005). This occurs in transcriptional repression, where modifi- 
cation by SUMO is apparently required for the recruitment of 
transcription factors into repressive protein complexes, with their 
sequestration remaining permanent even upon SUMO removal 
(Wilkinson and Henley, 2010). SUMO modification of only a 
small substrate population at any given time point was also 
suggested to occur for DNA repair proteins such as thymidine- 
DNA glycosylase (TDG). TDG is part of the base excision repair 
system (BER) and displays the ability of specifically address- 
ing uracil/thymidine base mismatches (Sancar et al., 2004). The 
rate-limiting step in the enzymatic reaction carried out by TDG 
is its dissociation from the abasic site (AP site) generated as 
first step in the BER process. The high affinity of TDG for the 
structure generated upon removal of the base is an important self- 
protection mechanism put in place by the cell since AP sites can 
turn into DNA strand breaks, thus threatening genome stability 
(Hardeland et al., 2002). Sumoylation is the appropriate solu- 
tion to this issue, in that SUMO-modified TDG looses affinity 
for the abasic site allowing recruitment of the (AP)-endonuclease 
that acts in the next step of BER (Sancar et al., 2004). To re- 
initiate the circle, desumoylation by SENPs/ULPs renders TDG 
promptly available for the next round of lesion recognition and 
processing (Hardeland et al., 2002). Thus, SUMO modifica- 
tion of minimal amounts of TDG is sufficient to address the 
repair of uracil/thymidine base mismatches in a highly controlled 
manner. 
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PTMs IN DNA DAMAGE RESPONSE: THE OLD AND THE NEW 

The cascade of events resulting from detection of DNA dam- 
age and orchestrating its repair has been best described for DNA 
double-strand breaks (DSBs). A detailed account of ubiquityla- 
tion and sumoylation events occurring at DSBs will be followed 
by a brief mention to the signaling triggered by other types of 
DNA lesions. 

DSB RECOGNITION 

Initial players consist of proteins or proteins complexes such as 
Ku70 and Ku80 or MRE 1 1 /RAD50/NBS 1 (MRN) that, through 
recognition and binding to DNA ends, facilitate recruitment and 
activation of the protein kinases DNA-PKcs or ATM, respectively. 
The latter function as transducers of the DNA damage signal and 
help coordinating repair with checkpoint activation and cell cycle 
arrest (Sancar et al., 2004). When the sister chromatid is available 
as template, repair is addressed through the error- free pathway 
of homologous recombination (HR) rather than the predomi- 
nant but error-prone pathway of non-homologous end-joining 
(NHEJ) (Sancar et al., 2004). HR initiates upon recognition of 
DNA ends by the MRN complex, an event that facilitates recruit- 
ment of ATM through direct interaction with the C-terminus of 
the NBS1 component (Falck et al, 2005) (Figure 2A). 

ATM is an homodimer and exists in a complex containing the 
protein phosphatase PP2A, which maintains ATM inactive by cat- 
alyzing its constitutive dephosphorylation (Goodarzi et al., 2004), 
and the histone acetyltransferase Tip60, which is maintained at 
low level by CUL3-dependent ubiquitylation and plays a role in 
the modification of chromatin at sites of damage (Murr et al., 
2006; Sun et al, 2009). NBSl-dependent ATM recruitment at sites 
of damage is followed by ATM autophosphorylation at Si 98 1 with 
ensuing activation of the kinase. 

The mechanism of DSB repair operating in the absence of a 
homologous template for recombination-mediated repair is non- 
homologous end joining. In this case, DNA ends are bound 
by the Ku70/Ku80 heterodimer that recruits DNA-PK catalytic 
subunit, causing inward translocation of the heterodimer and 
positioning the catalytic subunit at DNA ends. Next, depend- 
ing on the complexity of the lesion, different processing factors 
are recruited, such as the endonuclease Artemis and the polynu- 
cleotide kinase/phosphatase PNKP. The release of DNA-PKcs 
from DNA ends, which is induced by autophosphorylation, leads 
to the final step of the process, with XRCC4, DNA ligase IV and 
XLF performing ligation of the DNA ends (Dobbs et al, 2010). 

SITE MARKING 

ATM-mediated phosphorylation of H2AX at the C-terminal S139 
(yH2AX) (Rogakou et al., 1998), possibly paralleled by dephos- 
phorylation of Y142 (Cook et al., 2009), marks the site of damage 
and contributes to destabilize nucleosome structure (Figure 2 A). 
A critical role in the generation of yH2AX in response to IR 
is apparently played by mono-ubiquitylation of the histone at 
K119/K120, which facilitates the subsequent recruitment of ATM. 
H2AX mono-ubiquitylation is catalyzed by a complex composed 
of the polycomb protein BMI1 and the RING finger proteins 
RING1 and RNF2 (Ginjala et al, 2011; Pan et al, 2011; Wu 
et al., 2011). Upon phosphorylation, H2AX acts as docking site 



for MDC1 that, by virtue of the high affinity of its C-terminal 
BRCT tandem repeats for the phospho-Si39 epitope in yH2AX, 
is the first protein localizing at sites of damage (Bekker-Jensen 
and Mailand, 2010). MDC1 orchestrates the consecutive assem- 
bly of factors that will, in turn, mediate the recruitment of DNA 
repair proteins. Such factors comprise 53BP1, BRCA1, and the 
E3-Ubiquitin ligase RNF8. Through its N-terminal FHA domain 
RNF8 binds phosphorylated MDC1 as well as HERC2, with the 
latter acting as coordinator of Ubiquitin-dependent assembly of 
DNA repair factors (Bekker-Jensen et al, 2010). SUMOl modifi- 
cation of HERC2 and RNF168 by the E3 -ligase PIAS4 promotes 
recruitment of RNF8 to the complex and stabilizes the interaction 
between RNF8 and the E2-conjugating enzyme Ubcl3 (Danielsen 
et al., 2012). In turn, RNF8 contributes to remodel chromatin 
around sites of damage through a transient K48 and a persistent 
K 63 ubiquitylation of both H2A and H2AX (Huen et al., 2007; 
Mailand et al., 2007). Histone ubiquitylation was long known as 
a post-translation modification occurring during transcriptional 
responses and mono-ubiquitylation of H2A in the context of the 
cellular response to DNA damage was first described for the repair 
of UV-induced lesions (Bergink et al., 2006). RNF8 was identified 
as the E3-ligase catalyzing H2A and H2B mono-ubiquitylation 
in response to IR (Wu et al, 2009) and UV (Marteijn et al, 
2009) and thus proposed to be a conserved element in the 
initial response to DNA DSBs and UV lesions. H2A ubiquityla- 
tion contributes to the recruitment of DNA repair factors. Once 
bound to DNA, MDC1 is sumoylated at Ki 840 by PIAS4 in a 
manner that facilitates its recognition and ubiquitylation by the 
E3-ligase RNF4, with consequent degradation (Luo et al., 2012). 
Additional factors recruited to phosphorylated H2AX consist of 
chromatin remodeling complexes such as INO80 and SWR1 in 
yeast (Morrison et al, 2004; Van Attikum et al, 2007) and p400 in 
humans (Xu et al., 2010). K63 histone di-ubiquitylation by RNF8, 
in turn, allows binding of the adaptor protein RAP80 through its 
UIM motifs (Sato et al., 2009) and the recruitment of Abraxas 
(ABRA1), which acts as anchor for BRCA1 at sites of DNA dam- 
age (Sobhian et al., 2007; Bekker-Jensen and Mailand, 2010). The 
BRCA1 complex, in turn, contains the DUB BRCC36, which is 
able to depolymerize K63 Ubiquitin chains, thus contributing to 
maintain steady-state levels of Ubiquitin at sites of damage (Shao 
et al, 2009). 

It has been proposed that initial histone ubiquitylation by 
RNF8 represents a docking signal for RNF168, a second E3- 
Ubiquitin ligase that is recruited to chromatin to the purpose of 
amplifying the signal through further ubiquitylation of histones 
around the site of damage (Doil et al., 2009; Pinato et al., 2009; 
Stewart et al, 2009). Structural studies on the RING domains 
of RNF8 and RNF168 supported this view showing that RNF8 
can dimerize and as such productively interact with Ubcl3/Mms2 
and catalyze K63-linked poly-Ubiquitin chains, whereas the 
monomeric RNF168 does not interact with the E2 enzyme and is 
by far catalytically less efficient (Campbell et al, 2012). RNF168 
features two MIUs (Motif Interacting with Ubiquitin) that are 
responsible for recognition of di-ubiquitylated K63 on histone 
H2As and accrual at sites of damage (Doil et al., 2009; Pinato et al., 
2009; Stewart et al, 2009). Deletion of the two MlU-domains 
showed that a small fraction of RNF168 was nonetheless able 



Frontiers in Genetics | Cancer Genetics 



June 2013 | Volume 4 | Article 106 | 6 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 




FIGURE 2 1 Proximal and widespread DNA damage signals. (A) In 

response to the generation of DSBs, ATM is recruited to DNA in 
an MRN-dependent manner and is activated by autophosphorylation. 
ATM-dependent phosphorylation of H2AX triggers the recruitment of 
factors that mark the site of damage and cooperate to amplify the 
signal. In addition, ATM phosphorylates proteins that contribute to 



remodel chromatin and promote homologous recombination (see text 
for details). (B) Activation of ATM triggers the phosphorylation of 
the protein kinase CHK2 among others, which freely diffuses from 
the site of damage to transduce DNA damage signals to cell cycle 
regulators, resulting in the inhibition of cell cycle transitions (see 
text for details). 
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to bind chromatin (Pinato et al., 2009), leading to the discovery 
of an additional Ubiquitin-binding domain (UIM- and MIU- 
related) that is necessary for proper localization of RNF168 at 
sites of damage (Pinato et al., 201 1). A twist to the debate on the 
hierarchy of E3s recruitment at sites of damage was brought by 
studies showing that RNF8 is primarily responsible for ubiqui- 
tylation of histone H2As at C-terminal sites (K118/K119), whereas 
RNF168 catalyzes the mono-ubiquitylation of a set of sites located 
at the N-terminus of histone H2As (K13/K15) (Gatti et al, 2012; 
Mattiroli et al, 2012). This finding indicated that the order by 
which E3s are recruited does not predict the order in which they 
ubiquitylate H2As. The authors suggested that RNF168 might 
catalyze the priming event at N-terminal sites that, being located 
on the opposite side of the nucleosome with respect to the RNF8 
target sites, may initiate distinct signaling events (Mattiroli et al., 
2012). 

The importance of RNF8-/RNF168-dependent ubiquitylation 
is well exemplified by the RIDDLE syndrome, where recessive 
mutations in the RNF168 gene lead to the expression of aber- 
rant RNF168 protein isoforms, resulting in failure of 53BP1 and 
BRCA1 accumulation at IR-induced foci and of the subsequent 
activation of DNA damage responses (Stewart et al., 2009). 

Sumoylation of RNF8, RNF168, and BRCA1 mediated by 
PIAS1 and PIAS4 enhances their E3-ligase activity, contribut- 
ing to render more efficient histone ubiquitylation at DSBs 
(Galanty et al., 2009). Through interaction with the Ubiquitin - 
conjugating UBE2L6/UBCH8, RNF8 controls the degradation of 
the demethylase JMJD2A/KDM4A resulting in the uncovering 
of H4K2ome2 mark and promoting the recruitment of 53BP1 
at DNA damage sites (Mallette et al., 2012). RAD18 is another 
Ubiquitin E3-ligase recruited at DNA lesions through recogni- 
tion of K63 ubiquitylated histones and acting downstream of 
RNF8/RNF168 (Huang et al., 2009). 

The boost of DNA damage-induced ubiquitylation events was 
initially shown to be modulated by deubiquitylating enzymes 
such as USP3, BRCC36, and OTUB1 (Nicassio et al, 2007; Shao 
et al., 2009; Nakada et al, 2010). Subsequent studies on mech- 
anisms that control the excessive spreading of histone ubiquity- 
lation around sites of damage demonstrated the involvement of 
the HECT-domain E3-ligases TRIP 12 and UBR5. By determin- 
ing the amount of RNF168 that is loaded at sites of damage, 
TRIP 12 and UBR5 contribute to optimize the recruitment of 
physiological amounts of genome caretakers such as 53BP1 and 
BRCA1 (Gudjonsson et al, 2012). An RNF168 paralog, namely 
the E3-ligase RNF169, also contributes to limit the spreading of 
non-proteolytic ubiquitylation at regions flanking DNA damage 
sites. Specifically, RNF169 MIU2 domain was demonstrated to 
recognize histones ubiquitylated by RNF8/RNF168, thus outcom- 
peting and limiting the productive recruitment of 53BP1 and 
RAP80 (Chen et al., 2012; Poulsen et al, 2012). Recognition 
of Ubiquitin by RNF168 and RNF169 is mediated by modules 
composed of a UBD juxtaposed to a short targeting sequence, 
called the LR-motif (LRM), a structure also shared by RAD18 and 
RAP80 (Panier et al, 2012). 

In concomitance with the events described above, phosphory- 
lation of MDC1 by casein kinase 2 (CK2) allows the former to 
capture additional molecules of ATM that phosphorylate both 



H2AX in the neighboring nucleosomes and MDC1 itself (Polo 
and Jackson, 2011). Phosphorylation does not only serve the 
function of promoting the assembly of DNA repair modules, but 
also contributes to break up interactions to facilitate repair pro- 
cesses. This is the case of the transcriptional repressor and RING 
finger protein KAPl/TIFip/TRIM28, which is released from chro- 
matin upon ATM-mediated phosphorylation of S824> an event 
that results in the dissociation of heterochromatin protein 1 
(HP1) from chromatin and contributes to remodel regions that 
will undergo repair (Goodarzi et al., 2008). Chromatin relaxation 
in response to DSBs apparently consists of two stages: an early 
step that occurs before the generation of yH2AX and that is ATP- 
dependent (Kruhlak et al., 2006) and a second step that relies on 
the recruitment of a fraction of the RNF20/RNF40 heterodimer 
to sites of damage where it catalyzes the mono-ubiquitylation of 
H2B (Moyal et al., 2011). Mechanistically, it was demonstrated 
that mono-ubiquitylation of H2B is sufficient to interfere with 
the compaction of chromatin (Fierz et al., 201 1). 

DNA END RESECTION 

Marking DNA double-strand break sites is followed by the 
recruitment of repair proteins in charge of processing DNA ends 
to create structures that are suitable to recombination. This task 
is initially accomplished by the MRN complex that in conjunc- 
tion with CtIP/RBBP8 carries out initial trimming at the break, 
a step that is followed by extensive processing of DNA ends 
by the redundant function of EXOl and the DNA2/BLM com- 
plex (Mimitou and Symington, 2009; Eid et al., 2010). Proteins 
participating in DNA processing are also controlled by PTMs. 

CtIP is phosphorylated in a CDK-dependent manner in S 
and G2 phases of the cell cycle at T847 and S327. Whereas phos- 
phorylation of the former affects resection activity, modification 
of the latter influences BRCA1 binding (Yu and Chen, 2004; 
Huertas and Jackson, 2009). In response to DSBs CtIP is addi- 
tionally phosphorylated by ATM (Matsuoka et al., 2007). Binding 
of BRCA1/BARD1 to CtIP is mediated by the BRCT domain of 
BRCA1 and causes ubiquitylation of CtIP in a manner that does 
not target it to degradation but facilitates binding to DNA and 
enrichment at sites of damage (Yu et al., 2006). This is an exam- 
ple of ubiquitylation as means to selectively target protein to a 
defined region in the cell or to a structure. 

In response to stalled replication, EXOl protein level 
is controlled by ATR-dependent phosphorylation and poly- 
ubiquitylation catalyzed by a currently unknown E3 ligase (El- 
Shemerly et al., 2005, 2008). On the other hand, both in yeast 
and man EXO 1 nuclease activity is controlled by PIKK-dependent 
phosphorylation upon induction of DSBs (Morin et al., 2008; 
Bolderson et al, 2010). Sumoylation of EXOl has also been 
reported (Tatham et al., 2011), though its functional significance 
awaits clarification. 

The Bloom syndrome helicase (BLM) plays an important role 
in homologous recombination and in the repair of damaged repli- 
cation forks (Jones and Petermann, 2012). Modification of BLM 
by SUMO is necessary for a balanced yH2AX response in HU 
treated cells, with cells that express SUMO-deficient forms of 
BLM displaying excessive yH2AX phosphorylation, accumulation 
of DNA breaks and hypersensitivity to DNA damage (Ouyang 
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et al., 2009). In HU-treated cells expressing SUMO-deficient 
forms of BLM, the ability to localize RAD51 at damaged replica- 
tion forks is compromised and sister-chromatid exchanges does 
not occur. This led to the suggestion that sumoylation represents 
a switch between pro- and anti-recombinogenic roles for BLM in 
HR (Ouyang et al, 2009). 

Resection of DNA ends by EXOl or the BLM/DNA2 complex 
leads to the formation of long 3' -overhangs that are the structures 
participating in homologous recombination. Replication Protein 
A (RPA) is the major ssDNA binding protein complex present in 
eukaryotes and consists of three subunits: RPA1 (70kDa), RPA2 
(32kDa), and RPA3 (14kDa). RPA1 has high affinity for DNA 
and is the docking subunit for a number of proteins involved 
in DNA synthesis and repair (Fanning et al., 2006). RPA2 has 
lower affinity for DNA and, thanks to its C-terminal winged helix 
domain, binds weakly but specifically to AID, to BER proteins 
such as UDG or to NER proteins such as XPA (Fanning et al., 
2006). RPA2 is the major target of phosphorylation events that 
occur during DNA replication and the DNA damage response. 
RPA3 is the only component with no affinity for DNA but playing 
an important role in the stabilization of the trimeric protein com- 
plex (Fanning et al, 2006). It has been observed that association 
between the SUMO protease SENP6 and RPA1 during transi- 
tion through S-phase maintains RPA1 in a hypo-sumoylated state. 
Camptothecin-induced DSBs weaken the interaction between 
RPA1 and SENP6, facilitating RPA1 sumoylation at K449 and K577, 
an event that results in increased interaction with Rad51 and 
displacement of RPA from the ssDNA filament (Dou et al, 2010). 

Sumoylation of MRE11 and RAD54 has also been reported 
(Tatham et al., 2011), though the functional significance of this 
PTM is as yet unknown. 

PROXIMAL AND DISTAL SIGNALING 

In addition to the two members of the PIKK family of pro- 
tein kinases mentioned above in the context of DSB recognition, 
namely ATM and DNA-PK, also ATR participates in orches- 
trating the overall response to genotoxic damage. An important 
component of the DNA damage response is the transduction 
of signals to the cell cycle machinery. Unlike ATM or DNA- 
PK that are activated by DNA ends (Uematsu et al, 2007; You 
et al., 2007), ATR activation specifically depends on the pres- 
ence of ssDNA resulting from the processing of different types of 
damage (Zou and Elledge, 2003) or naturally occurring at repli- 
cation forks (MacDougall et al., 2007). ATR triggering typically 
occurs after ATM activation (Jazayeri et al, 2006). Two check- 
point kinases arephosphorylatedbyATRatS3i7 andS345 (CHK1) 
(Zhao and Piwnica- Worms, 2001) and by ATM or ATR at seven 
residues in the N-terminal domain (CHK2) (Matsuoka et al., 
2000), respectively. This triggers homo-dimerization of the check- 
point kinases and full activation through auto-phosphorylation 
(Lee and Chung, 2001) (Figure 2B). 

The ATR-CHK1 pathway controls the timing of DNA repli- 
cation origin firing during regular transition through S-phase 
(Shechter et al., 2004) and triggers G2/M arrest in response to 
y-irradiation (Liu et al., 2000). ATR-mediated phosphorylation 
of CHK1 at S345 exposes a degron-like region at the C-terminus 
of the kinase allowing recognition by cytoplasmic Cull/FBX6 



or nuclear Cul4A/CDT2 SCF E3-ligase complexes that promote 
poly-ubiquitylation and degradation of CHK1 (Zhang et al., 2009; 
Huh and Piwnica-Worms, 2013). It has been proposed that pro- 
teolysis of activated CHK1 results in checkpoint termination 
(Zhang et al, 2005b). 

The ATM/CHK2 axis controls both transient and sustained 
cell cycle arrest following detection of DNA damage (Figure 2B) 
(Shiloh and Ziv, 2013). Namely, by phosphorylating CDC25 
phosphatases and the WEE1 kinase, CHK2 blocks cell cycle tran- 
sitions mediated by Cyclin-CDKs, whereas by phosphorylating 
p53, MDM2, and PML it promotes apoptosis (Antoni et al., 
2007). 

Both CHK1 and CHK2 impinge on the machinery driving cell 
cycle transitions by directly phosphorylating controllers of cyclin- 
dependent kinases such as the WEE1 kinase and the CDC25A and 
CDC25C phosphatases (Bartek et al, 2004) (Figure 2B). WEE1 
catalyzes phosphorylation of two residues in the Gly-rich P-loop 
of CDK1, namely T14, and Y15, in a manner that does not affect 
nucleotide binding but hampers catalysis (Ferrari, 2006). CDC25 
phosphatases specifically remove the phosphate from the two 
residues in the ATP-binding site of CDKs, causing full activation 
of Cyclin/CDK complexes (Ferrari, 2006). Inhibition of CDC25C 
by DNA damage essentially occurs by a 14-3-3-mediated seques- 
tration mechanism, whereas CDC25A degradation via Ubiquitin- 
proteasome pathways is a primary control mechanism both in 
dividing cells and in response to DNA damage (Donzelli and 
Draetta, 2003). Phosphorylation of CDC25A on S 76 by CHK1 (Jin 
et al., 2008a) serves as priming event to facilitate phosphorylation 
on S79 and Ss2 by protein kinase CK1 or glycogen synthase kinase - 
3P (GSK-3P) (Kang et al, 2008; Honaker and Piwnica-Worms, 
2010). This, in turn, allows recruitment of the SCF^ TrcP E3 ligase 
that promotes CDC25A poly-ubiquitylation (Busino et al., 2003). 

DNA DAMAGE RECOVERY 

Following completion of DNA repair, cell cycle restart is con- 
tributed by degradation of molecules that were involved both in 
signaling DNA damage and in blocking cell cycle progression. 
This is the case of the adaptor protein Claspin, which is targeted 
by SCF-p TrcP upon PLKl-dependent phosphorylation (Mamely 
et al., 2006; Peschiaroli et al., 2006) and whose level is maintained 
low throughout Gl by the APC/CDH1 E3-ligase (Bassermann 
et al., 2008), and of the kinase WEE1 (Bartek and Lukas, 2007). 

OTHER DNA LESIONS 

Additional examples of regulation of DNA damage responses by 
ubiquitylation are provided by Fanconi Anemia (FA), Translesion 
DNA Synthesis (TLS) and Nucleotide Excision Repair (NER). 
FA is an X-linked disease characterized by mutations in genes 
coding for factors of this DNA repair pathway. Upon expo- 
sure to DNA interstrand cross-linking (ICL) agents, FANC pro- 
teins form a nuclear "core-complex" in which FANCL is the E3 
Ubiquitin ligase responsible, together with its cognate E2 UBE2T, 
for the mono-ubiquitylation of FANCI and FANCD2 (the ID- 
complex) on residues K561 and K523, respectively. This is an 
event required for the formation of damage-induced foci (Wang, 
2007). Mutation of the Ubiquitin-binding domain on FANCI- 
FANCD2 results in hypersensitivity to mitomycin C or cisplatin 
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(Smogorzewska et al., 2007). In TLS, which represents one of 
the main mechanisms allowing DNA lesion bypass in S-phase 
(Waters et al., 2009), ubiquitylation of PCNA plays a key role (see 
below). BER addresses the repair of modified bases or abasic sites 
resulting from depurination/depyrimidination events (Almeida 
and Sobol, 2007). In addition to TDG, which participates in 
lesion recognition and processing, the BER scaffold component 
XRCC1 is controlled by phosphorylation (Loizou et al, 2004) 
and sumoylation (Gocke et al., 2005). The E3-ligase CHIP/STUB1 
adds another layer of control to BER by mediating ubiquitylation 
of the pool of XRCC1 and Polf5 that are not directly participat- 
ing in the process of lesion recognition and repair (Parsons et al., 
2008). 

INTERDEPENDENCE OF PTMs 
HIERARCHICAL PRIMING 

An interesting feature of PTMs is their reciprocal influence, as 
clearly established for histones, where the antagonism or the 
synergism of certain modifications defines a "code" that guides 
protein-DNA interactions (Sims and Reinberg, 2008). These, 
in turn, influence the compaction of chromatin and ultimately 
affect biological responses such as transcription, DNA replica- 
tion and DNA repair (Kouzarides, 2007). Such effects can be 
cumulative or exclusive, with a clearly defined hierarchy of PTMs 
affecting a given target protein. In the DNA damage response a 
notable example of consecutive PTMs occurring in a hierarchical 
manner is represented by FEN1, the flap endonuclease respon- 
sible for cleavage of single stranded 5' overhangs in Okazaki 
fragments during DNA replication and also involved in DNA 
repair. Phosphorylation at Si87 in FEN1 catalytic domain by 
cyclin A/CDK2 results in its release from PCNA, the DNA poly- 
merase processivity factor that stimulates FEN1 nuclease activity 
(Henneke et al., 2003). Subsequent modification of Ki68 in FEN1 
by SUM03 facilitates K 354 ubiquitylation by the E3 ligase PRP19, 
resulting in FEN1 degradation at the end of S-phase, an event that 
contributes to ensure a timely transition to G2 (Guo et al, 2012). 

COMPETITION FOR THE SUBSTRATE 

In addition to the ability of sumoylation to directly alter the prop- 
erties of the protein undergoing this modification, it may also 
serve as a competitor to other PTMs. Indeed, since sumoylation 
targets lysine residues in the substrate, similarly to ubiquity- 
lation, methylation or acetylation, the modification of one or 
more lysine in the substrate could block other PTM machiner- 
ies from accessing these residues, thus indirectly affecting protein 
function (Walsh et al., 2005). Established examples of compe- 
tition among PTMs are RanGAPl, which upon sumoylation 
preferentially binds the nuclear pore complex (Melchior, 2000), 
the NF-kB signaling pathway (Huang et al., 2003) and PCNA 
(Hoege et al., 2002). Specifically to the latter, early studies showed 
that mono-ubiquitylation mediated by RAD6 (E2) and RAD18 
(E3), K 63 poly-ubiquitylation by MMS2, UBC13, and RAD 5 
and sumoylation by UBC9 all affect the same lysine residue 
(K164) (Hoege et al., 2002). Subsequent work clearly established 
that PCNA mono-ubiquitylation supports translesion synthesis, 
a pathway allowing stalled DNA replication to proceed beyond 
damage through the replacement of processive polymerases with 



specialized polymerases (Bienko et al., 2005; Garg and Burgers, 
2005). K~63 poly-ubiquitylation, on the other hand, facilitates syn- 
thesis by a template -switch mechanism, a complex but essentially 
error-free pathway that utilizes the undamaged, newly synthesized 
daughter strand of the sister chromosome as template (Branzei 
and Foiani, 2010). Finally, PCNA sumoylation prevents the for- 
mation of DSBs and the occurrence of inappropriate recombi- 
nation events at stalled DNA replication forks by a mechanism 
involving the anti-ricombinogenic activity of the helicase Srs2 in 
yeast (Papouli et al., 2005; Pfander et al., 2005) and possibly by a 
similar mechanism in humans (Gali et al., 2012). 

CROSS-TALKING 

A number of Ubiquitin E3-ligases display the ability to bind 
SUMO chains on proteins that, in turn, become their sub- 
strates. A reported case is PML, which undergoes modifica- 
tion by SUMO-1 as well as by SUMO-2/3. Whereas attachment 
of SUMO-1 determines confinement of the protein in PML 
nuclear bodies (Muller et al, 1998) formation of SUM02/3 
chains facilitates the recruitment of the E3 -ligase RNF4, which 
ubiquitylates the SUMO chains and ultimately targets PML to 
degradation (Lallemand-Breitenbach et al, 2008; Tatham et al., 
2008; Weisshaar et al, 2008). RNF4 displays the ability to inter- 
act with other sumoylated substrates, such as MDC1 and RPA, 
via its N-terminal SUMO interaction motif (SIM) and to sub- 
sequently regulate their stability (Galanty et al., 2012). Another 
interesting case is BRCA1, which co-localizes with and is sumoy- 
lated by PIAS1 and PIAS4 at sites of damage. This, in turn, was 
reported to enhance BRCA1 E3-ligase activity possibly through a 
SUMO-dependent increase of the E3-E2 interface (Morris et al., 
2009). 

SYNERGY 

The advent of proteome-wide studies allowed appreciating the 
fact that, like phosphorylation, sumoylation triggered by a 
defined stimulus or stress does not target a single components but 
a vast majority of the protein machinery involved in the response. 
Work conducted in yeast established that lack of overall sumoyla- 
tion in a hypomorphic mutant of the SUMO E2 Ubc9 impaired 
survival in response to DNA damage (Cremona et al., 2012). 
This resulted from incomplete replication of damaged DNA as 
well as defective resection at DSBs. The authors found that DNA 
damage-induced sumoylation occurred independently of phos- 
phorylation events that were triggered by the checkpoint and was 
proposed to act in parallel with them to support cell survival 
(Cremona et al., 2012). A study conducted using SILAC-based 
mass spectrometry identified 844 different SUMO conjugates, 
the abundance of which did not seem to change in response to 
DNA damage (Psakhye and Jentsch, 2012). Interestingly though, 
the set of sumoylated proteins enriched in response to DNA 
damage was specifically that of the HR machinery. The authors 
found that DNA end resection and the consecutive generation 
of long ssDNA tracts acted as trigger to the wave of sumoylation 
that characterized the response. Sumoylation of HR proteins was 
found to occur independently and in parallel, with no influence 
of one sumoylation event on the other, and to entirely depend 
on the SUMO E3-ligase Siz2. Sumoylation promoted physical 
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interaction among HR proteins, thus facilitating DNA repair 
(Psakhye and Jentsch, 2012). 

UBIQUITIN AND SUMO AS TARGETS IN CANCER THERAPY 

Ubiquitylation and/or sumoylation defects have been implicated 
in the pathogenesis of a number of human diseases among which 
is cancer (Sun, 2006; Bettermann et al., 2012). 

UBIQUITIN AND CANCER 

Examples of over-expression of ubiquitylation pathway compo- 
nents in cancer cells are the p53-specific ARF-BPl/Mule HECT 
E3-ligase, the F-box proteins SKP2 and fi-TrcPl, the SCF com- 
ponent Cul-4A and the RING-finger proteins RNF11, ZNF164 
(Chen et al., 2006), and RNF5 (Bromberg et al, 2007). Mutation 
or deletion of E3-ligases that normally function as tumor suppres- 
sors has also been reported. This is the case of the RING-finger 
E3-ligases BRCA1/BARD1 and SIAH1 (Chen et al, 2006). Finally, 
epigenetic inactivation of genes coding for the E3-ligase HACE1 
(Hibi et al, 2008) or the RING-finger protein CHFR (Chen et al., 
2006) has been observed in several types of carcinomas. 

Based on the reasoning that E3 enzymes are druggable tar- 
gets, pharmaceutical companies embarked on high-throughput 
screenings in search for compounds that would target the active 
site of E3-ligases or block interaction with their substrates (Sun, 
2006; Hoeller and Dikic, 2009). A notable example of the latter 
is Nutlin, which impairs the p53-HDM2 interaction by filling a 
groove in HDM2 where p53 is accommodated (Vassilev, 2007). 
Despite the initial enthusiasm raised by Nutlin and its deriva- 
tives, the limitation of its efficacy in cells expressing wild-type 
p53 excluded their use from a number of other cancers. More dis- 
couraging, the cytostatic effect of Nutlins in p53-deficient cells 
indicated that they did not solely inhibit the p53/HDM2 inter- 
action (Vanderborght et al., 2006). The p53-targeting molecule 
RITA (NSC652287), identified in a screening conducted on a pair 
of isogenic cell lines differing only in their p53 status, was shown 
to bind p53 N-terminus (Issaeva et al., 2004). However, RITA did 
not specifically target the p53-HDM2 dimer but also other p53 
protein complexes (Hjerpe and Rodriguez, 2008). Similar issues 
were encountered with other inhibitors of E3-ligases (Guedat and 
Colland, 2007). 

Another interesting case of targeting E3-ligases is BRCA1. 
Synthetic lethality was observed when PARP-inhibitors are 
administered to cells of BRCA-deficient patients (Bryant et al., 
2005; Farmer et al., 2005). Considering that BRCA deficiency 
occurs in <5% of breast cancers, the results obtained with 
PARP-inhibitors prompted studies attempting to exploit the con- 
cept of synthetic lethality in non-mutation carriers. Specifically, 
small molecules targeting the phospho-dependent interaction of 
BRCA1 with partners such as Abraxas were administered to breast 
and cervical cancer cells to mimic the inactivating mutation of the 
otherwise wild-type BRCA1 gene. The data showed that, under 
these conditions, PARP-inhibitors effectively sensitized cells to 
IR-induced damage (Pessetto et al., 2012). 

The El -activating enzyme and the proteasome have also been 
considered as possible targets, with the caveat that inhibiting 
the ubiquitylation cascade at its apex may impair pathways 
of vital importance to the survival of normal cells. This is 



particularly true if one considers the widespread use of ubiquity- 
lation in the control of cellular functions. Nonetheless, inhibitors 
of the chymotryptic activity of the proteasome have been iden- 
tified and characterized. Compounds such as bortezomib have 
received approval from FDA and are currently used for the treat- 
ment of multiple myeloma and mantle cell lymphoma (Guedat 
and Colland, 2007; Rastogi and Mishra, 2012). Similarly, ATP- 
competitive inhibitors blocking the transfer of Ubiquitin from 
the El-activating enzyme to E2-conjugating components of the 
cascade have been identified (Guedat and Colland, 2007). 

Inhibition of deubiquitylating enzymes has also been explored 
as possible alternative to the development of inhibitors of the 
ubiquitylation cascade. A compound specifically targeting USP7 
was shown to stabilize p53, activate p53-dependent transcription, 
block cell growth and induce apopotosis (Guedat and Colland, 
2007). Recently, a novel strategy based on the use of combinato- 
rial libraries of Ubiquitin variants has led to the identification of 
mechanisms of DUBs inhibition and provided the demonstration 
that this approach could be applied to the discovery of specific E2 
or E3 inhibitors (Ernst et al., 2013). 

SUMO AND CANCER 

With regard to the role of SUMO in cancer, Ubc9/UBE2I was 
found overexpressed in ovarian carcinoma specimens (Mo et al., 
2005). Xenografts studies conducted in mice revealed that tumors 
expressing wildtype Ubc9 grew better than controls, while tumors 
expressing dominant negative Ubc9 exhibited reduced growth 
(Mo et al, 2005). A comprehensive study reported an increase 
in UBC9 expression in primary colon and prostate cancer com- 
pared with their normal tissue counterparts, whereas UBC9 levels 
were found lower in metastatic breast, prostate, and lung can- 
cer in comparison with their corresponding normal and primary 
adenocarcinoma tissues (Moschos et al., 2010). Increased UBC9 
expression was also observed in melanoma-infiltrated lymph 
nodes, with depletion of UBC9 resulting in sensitization of 
melanomas to the cytotoxic effects of topotecan and cisplatin 
(Moschos et al., 2007). A comprehensive collection of studies on 
UBC9 mRNA expression pattern in different cancer types can 
be found at www.nextbio.com. Based on these findings, target- 
ing UBC9 in cancer therapy was initially proposed (Mo et al., 
2005). However, given the widespread use of sumoylation as PTM 
controlling numerous metabolic pathways, altering the overall 
pattern of sumoylation in the cell was countered by others as 
a non-specific and ineffective method to combat cancer (Bawa- 
Khalfe and Yeh, 2010). Support to arguments in favor of UBC9 
as valid target in cancer therapy is provided by its pattern of dif- 
ferential expression, with higher levels of UBC9 in cancerous vs. 
normal tissues, offering a possible therapeutic window (Mo and 
Moschos, 2005). In this respect, crystallographic studies mapping 
the surfaces in UBC9 involved in the interaction with specific E3s 
and their substrates represent a promising avenue to the design of 
small compounds disrupting selective sumoylation reactions (Mo 
and Moschos, 2005). 

Increased levels of the desumoylating enzyme SENP1 were 
reported in thyroid oncocytic adenocarcinoma (Jacques et al., 
2005) and prostate cancer (Cheng et al., 2006). A transgenic mice 
model showed that overexpression of Senpl in the prostate led 
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to the development of prostatic intraepithelial neoplasia at an 
early age (Cheng et al, 2006). Promising results have been 
obtained in studies aiming at the identification of SUMO-specific 
protease (SENP) inhibitors (Hemelaar et al., 2004; Borodovsky 
et al., 2005) or based on the screening of cysteine-protease 
inhibitor libraries (Albrow et al., 2011). The latter, in particu- 
lar, led to the identification of two classes of compounds: the 
first, containing a reactive aza-epoxide electrophile linked to an 
extended peptide backbone and the second, containing an acy- 
loxymethyl ketone reactive group. Structure-activity relationship 
studies led to the design of covalent inhibitors of multiple hSENPs 
displaying micromolar IC50 values (Albrow et al., 201 1). 

Arsenic trioxide, which induces differentiation of leukemic 
blasts and clinical remission, was shown to promote 
SUMO-dependent poly-ubiquitylation of PML-RARa by the 
Ubiquitin E3-ligase RNF4, with consequent degradation of the 
fusion protein responsible for acute promyelocytic leukemia 



(Lallemand-Breitenbach et al., 2008; Tatham et al, 2008). Thus, 
in addition to classic approaches based on the chemical inhibition 
of enzymatic activity, the case of arsenic trioxide illustrated that 
among the variety of possible avenues to inhibit function, the 
exploitation of existing pathways in the cell that may be triggered 
at will is an important option. 

ACKNOWLEDGMENTS 

We would like to thank Kristjian Ramadan and members of the 
Ferrari laboratory for critical reading of the manuscript and use- 
ful suggestions. We apologize to those colleagues whose work has 
not been cited due to space constraints. This work was supported 
by SNF grant 144009 and grants from the Foundations Herzog- 
Egli, Krebsbekampfung, and Research in Science and Humanities 
of the University of Zurich (to Stefano Ferrari) as well as from the 
SNF Pro-Doc and Research Funds of the University of Zurich (to 
Serena Bologna). 



REFERENCES 

Albrow, V. E., Ponder, E. L., Fasci, 
D., Bekes, M., Deu, E., Salvesen, 
G. S., et al. (2011). Development 
of small molecule inhibitors and 
probes of human SUMO decon- 
jugating proteases. Chem. biol. 18, 
722-732. doi: 10.1016/j.chembiol. 
2011.05.008 

Al-Khodairy, E, Enoch, T., Hagan, I. 
M., and Carr, A. M. (1995). The 
Schizosaccharomyces pombe hus5 
gene encodes a Ubiquitin conju- 
gating enzyme required for nor- 
mal mitosis. /. Cell Sci. 108( Pt 2), 
475-486. 

Alkuraya, F. S., Saadi, I., Lund, J. J., 
Turbe-Doan, A., Morton, C. C, 
and Maas, R. L. (2006). SUMOl 
haploinsufficiency leads to cleft lip 
and palate. Science 313, 1751. doi: 
10.1126/science.ll28406 

Almeida, K. H., and Sobol, R. W. 
(2007). A unified view of base 
excision repair: lesion-dependent 
protein complexes regulated by 
post-translational modification. 
DNA repair 6, 695-711. doi: 
10.1016/j.dnarep.2007.01.009 

Antoni, L., Sodha, N., Collins, I., and 
Garrett, M. D. (2007). CHK2 kinase: 
cancer susceptibility and cancer 
therapy - two sides of the same 
coin? Nat Rev. Can. 7, 925-936. doi: 
10.1038/nrc2251 

Bailly, V., Lauder, S., Prakash, S., 
and Prakash, L. (1997). Yeast 
DNA repair proteins Rad6 and 
Radl8 form a heterodimer that has 
Ubiquitin conjugating, DNA bind- 
ing, and ATP hydrolytic activities. 
/. Biol. Chem. 272, 23360-23365. 
doi: 10.1074/jbc.272.37.23360 

Barabasi, A. L., and Oltvai, Z. N. 
(2004). Network biology: under- 
standing the cell's functional 



organization. Nat. Rev. Genet. 5, 
101-113. doi: 10.1038/nrgl272 

Bartek, J., and Lukas, J. (2007). DNA 
damage checkpoints: from initia- 
tion to recovery or adaptation. Curr. 
Opin. Cell Biol. 19, 238-245. doi: 
10.1016/j.ceb.2007.02.009 

Bartek, J., Lukas, C., and Lukas, J. 
(2004). Checking on DNA damage 
in S phase. Nat. Rev. Mole. Cell Biol. 
5, 792-804. doi: 10.1038/nrml493 

Bassermann, E, Frescas, D., 
Guardavaccaro, D., Busino, L., 
Peschiaroli, A., and Pagano, M. 
(2008). The Cdcl4B-Cdhl-Plkl 
axis controls the G2 DNA-damage- 
response checkpoint. Cell 134, 
256-267. doi: 10.1016/j.cell.2008. 
05.043 

Bawa-Khalfe, T., and Yeh, E. T. 
(2010). SUMO losing balance: 
SUMO proteases disrupt SUMO 
homeostasis to facilitate cancer 
development and progression. 
Genes Cancer 1, 748-752. doi: 
10.1177/1947601910382555 

Bayer, P., Arndt, A., Metzger, S., 
Mahajan, R., Melchior, E, Jaenicke, 
R., et al. (1998). Structure 
determination of the small 
Ubiquitin-related modifier SUMO- 
1. /. Mol. Biol. 280, 275-286. doi: 
10.1006/jmbi.l998.1839 

Behrends, C, and Harper, J. W. (2011). 
Constructing and decoding uncon- 
ventional Ubiquitin chains. Nat. 
Struct. Mol. Biol. 18, 520-528. doi: 
10.1038/nsmb.2066 

Bekker- Jensen, S., and Mailand, N. 
(2010). Assembly and function 
of DNA double-strand break 
repair foci in mammalian cells. 
DNA Repair 9, 1219-1228. doi: 
10.1016/j.dnarep.2010.09.010 

Bekker-Jensen, S., Rendtlew Danielsen, 
J., Fugger, K., Gromova, I., Nerstedt, 



A., Lukas, C, et al. (2010). HERC2 
coordinates Ubiquitin-dependent 
assembly of DNA repair factors on 
damaged chromosomes. Nat. Cell 
Biol. 12, 80-86; sup. pp. 81-12. doi: 
10.1038/ncb2008 

Ben-Saadon, R., Zaaroor, D., Ziv, 
T., and Ciechanover, A. (2006). 
The polycomb protein RinglB 
generates self atypical mixed 
Ubiquitin chains required for its 
in vitro histone H2A ligase activ- 
ity. Mole. Cell 24, 701-711. doi: 
10.1016/j.molcel.2006.10.022 

Bergink, S., Salomons, F. A., 
Hoogstraten, D., Groothuis, T. 
A., De Waard, PL, Wu, J., et al. 
(2006). DNA damage triggers 
nucleotide excision repair- 
dependent monoubiquitylation 
of histone H2A. Genes Develop. 
20, 1343-1352. doi: 10.1101/gad. 
373706 

Bernier-Villamor, V., Sampson, D. 

A. , Matunis, M. J., and Lima, C. 
D. (2002). Structural basis for 
E2-mediated SUMO conjugation 
revealed by a complex between 
Ubiquitin -conjugating enzyme 
Ubc9 and RanGAPl. Cell 108, 
345-356. doi: 10.1016/S0092-8674 
(02)00630-X 

Bettermann, K., Benesch, M., Weis, 
S., and Haybaeck, J. (2012). 
SUMOylation in carcinogenesis. 
Cancer Lett. 316, 113-125. doi: 
10.1016/j.canlet.201 1.10.036 

Bienko, M., Green, C. M., Crosetto, 
N., Rudolf, E, Zapart, G., Coull, 

B. , et al. (2005). Ubiquitin-binding 
domains in Y-family polymerases 
regulate translesion synthesis. 
Science 310, 1821-1824. doi: 
10.1126/science.ll20615 

Bolderson, E., Tomimatsu, N., Richard, 
D. J., Boucher, D., Kumar, R., 



Pandita, T. K., et al. (2010). 
Phosphorylation of Exol modulates 
homologous recombination repair 
of DNA double-strand breaks. 
Nucleic Acids Res. 38, 1821-1831. 
doi: 10.1093/nar/gkpll64 

Borodovsky, A., Ovaa, H., Meester, 
W. J., Venanzi, E. S., Bogyo, M. S., 
Hekking, B. G., et al. (2005). Small- 
molecule inhibitors and probes 
for Ubiquitin- and Ubiquitin -like- 
specific proteases. Chembiochem. 
Eur. }. Chem. Biol. 6, 287-291. doi: 
10.1002/cbic.200400236 

Branzei, D., and Foiani, M. (2010). 
Maintaining genome stability at 
the replication fork. Nat. Rev. 
Mol. Cell Biol. 11, 208-219. doi: 
10.1038/nrm2852 

Bromberg, K. D., Kluger, H. M., 
Delaunay, A., Abbas, S., Divito, 
K. A., Krajewski, S., et al. (2007). 
Increased expression of the E3 
Ubiquitin ligase RNF5 is associated 
with decreased survival in breast 
cancer. Cancer Res. 67, 8172-8179. 
doi: 10. 1 158/0008-5472.CAN- 
07-0045 

Bryant, H. E., Schultz, N., Thomas, 
H. D., Parker, K. M., Flower, D., 
Lopez, E., et al. (2005). Specific 
killing of BRCA2-deficient tumours 
with inhibitors of poly{ADP-ribose) 
polymerase. Nature 434, 913-917. 
doi: 10.1038/nature03443 

Busino, L., Donzelli, M., Chiesa, M., 
Guardavaccaro, D., Ganoth, D., 
Dorrello, N. V., et al. (2003). 
Degradation of Cdc25A by 
beta-TrCP during S phase and 
in response to DNA damage. 
Nature 426, 87-91. doi: 10.1038/ 
nature02082 

Campbell, S. J., Edwards, R. A., Leung, 
C. C, Neculai, D., Hodge, C. D., 
Dhe-Paganon, S., et al. (2012). 



Frontiers in Genetics | Cancer Genetics 



June 2013 | Volume 4 | Article 106 | 12 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 



Molecular insights into the function 
of RING finger (RNF)-containing 
proteins hRNF8 and hRNF168 in 
Ubcl3/Mms2-dependent ubiq- 
uitylation. /. Biol. Chem. 287, 
23900-23910. doi: 10.1074/jbc. 
Ml 12.359653 
Chastagner, R, Israel, A., and Brou, 
C. (2006). Itch/AIP4 mediates 
Deltex degradation through the 
formation of K29-linked polyU- 
biquitin chains. EMBO Rep. 7, 
1147-1153. doi: 10.1038/sj.embor. 
7400822 

Chaugule, V. K., Burchell, L„ 
Barber, K. R., Sidhu, A., Leshe, 
S. J., Shaw, G. S., et al. (2011). 
Autoregulation of Parkin activity 
through its Ubiquitin-like domain. 
EMBO J. 30, 2853-2867. doi: 
10.1038/emboj.2011.204 

Chen, C., Seth, A. K., and Aplin, A. 
E. (2006). Genetic and expres- 
sion aberrations of E3 Ubiquitin 
ligases in human breast can- 
cer. Mole. Cancer Res. MCR 4, 
695-707. doi: 10.1158/1541-7786. 
MCR-06-0182 

Chen, J., Feng, W., Jiang, J., Deng, 
Y., and Huen, M. S. (2012). Ring 
finger protein RNF169 antagonizes 
the Ubiquitin-dependent signaling 
cascade at sites of DNA damage. 
/. Biol. Chem. 287, 27715-27722. 
doi: 10.1074/jbc.M112.373530 

Chen, Z. J., and Sun, L. J. (2009). 
Nonproteolytic functions of 
Ubiquitin in cell signaling. 
Mole. Cell 33, 275-286. doi: 
10.1016/j.molcel.2009.01.014 

Cheng, J., Bawa, X, Lee, P., Gong, 
L., and Yeh, E. T. (2006). Role 
of desumoylation in the develop- 
ment of prostate cancer. Neoplasia 8, 
667-676. doi: 10.1593/neo.06445 

Christensen, D. E., Brzovic, P. S., and 
Klevit, R. E. (2007). E2-BRCA1 
RING interactions dictate synthesis 
of mono- or specific polyUbiq- 
uitin chain linkages. Nat. Struct. 
Mole. Biol. 14, 941-948. doi: 
10.1038/nsmbl295 

Chung, C. D., Liao, J., Liu, B., Rao, 
X., Jay, P., Berta, P., et al. (1997). 
Specific inhibition of Stat3 sig- 
nal transduction by PIAS3. Science 
278, 1803-1805. doi: 10.1126/sci- 
ence.278.5344.1803 

Ciechanover, A. (2009). Tracing 
the history of the Ubiquitin 
proteolytic system: the pioneer- 
ing article. Biochem. Biophys. 
Res. Commun. 387, 1-10. doi: 
10.1016/j.bbrc.2009.06.065 

Ciehanover, A., Hod, Y, and Hershko, 
A. (1978). A heat-stable polypeptide 
component of an ATP-dependent 
proteolytic system from reticu- 
locytes. Biochem. Biophys. Res. 



Commun. 81, 1100-1105. doi: 
10.1016/0006-291X(78)91249-4 

Cook, P. J., Ju, B. G., Telese, E, Wang, 
X., Glass, C. K., and Rosenfeld, M. 
G. (2009). Tyrosine dephosphoryla- 
tion of H2AX modulates apoptosis 
and survival decisions. Nature 458, 
591-596. doi: 10.1038/nature07849 

Cotto-Rios, X. M., Bekes, M., 
Chapman, J., Ueberheide, 
B., and Huang, T. T. (2012). 
DeUbiquitinases as a signaling 
target of oxidative stress. Cell 
Rep. 2, 1475-1484. doi: 10.1016/ 
j.celrep.2012.11.011 

Cremona, C. A., Sarangi, P., Yang, 
Y, Hang, L. E., Rahman, S., and 
Zhao, X. (2012). Extensive DNA 
damage-induced sumoylation 
contributes to replication and 
repair and acts in addition to the 
mecl checkpoint. Mole. Cell 45, 
422^32. doi: 10.1016/j.molcel. 
2011.11.028 

Danielsen, J. R., Povlsen, L. K., 
Villumsen, B. H., Streicher, W., 
Nilsson, J., Wikstrom, M., et al. 
(2012). DNA damage-inducible 
SUMOylation of HERC2 pro- 
motes RNF8 binding via a novel 
SUMO-binding Zinc finger. 
/. Cell Biol. 197, 179-187. doi: 
10.1083/jcb.201106152 

Das, R., Mariano, J., Tsai, Y. C, 
Kalathur, R. C, Kostova, Z., Li, 
J., et al. (2009). AUosteric activa- 
tion of E2-RING finger-mediated 
ubiquitylation by a structurally 
defined specific E2-binding 
region of gp78. Mole. Cell 34, 
674-685. doi: 10.1016/j.molcel. 
2009.05.010 

Deshaies, R. J., and Joazeiro, C. 
A. (2009). RING domain E3 
Ubiquitin ligases. Annu. Rev. 
Biochem. 78, 399-434. doi: 10.1146/ 
annurev.biochem.78. 10 1 807.093809 

Dobbs, T. A., Tainer, J. A., and Lees- 
Miller, S. P. (2010). A structural 
model for regulation of NHEJ by 
DNA-PKcs autophosphorylation. 
DNA Rep. 9, 1307-1314. doi: 
10.1016/j.dnarep.2010.09.019 

Doil, C, Mailand, N., Bekker-Jensen, 
S., Menard, P., Larsen, D. H., 
Pepperkok, R., et al. (2009). 
RNF168 binds and amplifies 
Ubiquitin conjugates on dam- 
aged chromosomes to allow 
accumulation of repair pro- 
teins. Cell 136, 435-446. doi: 
10.1016/j.cell.2008.12.041 

Donzelli, M., and Draetta, G. F. 
(2003). Regulating mammalian 
checkpoints through Cdc25 inacti- 
vation. EMBO Rep. 4, 671-677. doi: 
10.1038/sj.embor.embor887 

Dou, H., Huang, C, Singh, M., 
Carpenter, P. B., and Yeh, E. T. 



(2010). Regulation of DNA repair 
through deSUMOylation and 
SUMOylation of replication protein 
A complex. Mole. Cell 39, 333-345. 
doi: 1 0. 1 0 1 6/j .molcel.20 10.07.021 

Eid, W., Steger, M., El-Shemerly, 
M., Ferretti, L. P., Pena-Diaz, J., 
Konig, C, et al. (2010). DNA end 
resection by CtIP and exonuclease 
1 prevents genomic instability. 
EMBO Rep. 11, 962-968. doi: 
10.1038/embor.2010.157 

Eisenhaber, B., Chumak, N., 
Eisenhaber, F., and Hauser, M. 
T. (2007). The ring between 
ring fingers (RBR) protein fam- 
ily. Genome. Biol. 8, 209. doi: 
10.1186/gb-2007-8-3-209 

Eletr, Z. M., Huang, D. T, Duda, D. 
M., Schulman, B. A., and Kuhlman, 
B. (2005). E2 conjugating enzymes 
must disengage from their El 
enzymes before E3-dependent 
Ubiquitin and Ubiquitin-like trans- 
fer. Nat. Struct. Mole. Biol. 12, 
933-934. doi: 10.1038/nsmb984 

El-Shemerly, M., Hess, D., Pyakurel, 
A. K., Moselhy, S., and Ferrari, S. 
(2008). ATR-dependent pathways 
control hEXOl stability in response 
to stalled forks. Nucleic Acids Res. 
36, 511-519. doi: 10.1093/nar/ 
gkml052 

El-Shemerly, M., Janscak, P., Hess, 
D., Jiricny, J., and Ferrari, S. 
(2005). Degradation of human 
exonuclease lb upon DNA syn- 
thesis inhibition. Cancer Res. 65, 
3604-3609. doi: 10.1158/0008- 
5472.CAN-04-4069 

Ernst, A., Awakumov, G-, Tong, J., 
Fan, Y, Zhao, Y, Alberts, P., et al. 
(2013). A Strategy for modulation 
of enzymes in the Ubiquitin sys- 
tem. Science. 339, 590-595. doi: 
10.1126/science.l230161 

Evdokimov, E., Sharma, P., Lockett, S. 
J., Lualdi, M., and Kuehn, M. R. 
(2008). Loss of SUMOl in mice 
affects Ran GAP 1 localization and 
formation of PML nuclear bodies, 
but is not lethal as it can be com- 
pensated by SUM02 or SUM03. 
/. Cell Sci. 121, 4106-4113. doi: 
10.1242/jcs.038570 

Falck, J., Coates, J., and Jackson, S. 
P. (2005). Conserved modes of 
recruitment of ATM, ATR and 
DNA-PKcs to sites of DNA dam- 
age. Nature 434, 605-611. doi: 
10.1038/nature03442 

Fanning, E., Klimovich, V., and Nager, 
A. R. (2006). A dynamic model for 
replication protein A (RPA) func- 
tion in DNA processing pathways. 
Nucleic Acids Res. 34, 4126^137. 
doi: 10.1093/nar/gkl550 

Farmer, H., McCabe, N, Lord, C. 
J., Tutt, A. N., Johnson, D. A., 



Richardson, T. B., et al. (2005). 
Targeting the DNA repair defect in 
BRCA mutant cells as a therapeutic 
strategy. Nature 434, 917-921. doi: 
10.1038/nature03445 

Ferrari, S. (2006). Protein kinases con- 
trolling the onset of mitosis. Cell 
Mol. Life Sci. 63, 781-795. doi: 
10.1007/s00018-005-5515-3 

Fierz, B., Chatterjee, C, McGinty, 
R. K., Bar-Dagan, M., Raleigh, 
D. P., and Muir, T. W. (2011). 
Histone H2B ubiquitylation dis- 
rupts local and higher-order chro- 
matin compaction. Nat. Chem. Biol. 
7, 113-119. doi: 10.1038/nchem- 
bio.501 

Finley, D. (2009). Recognition and 
processing of Ubiquitin-protein 
conjugates by the protea- 
some. Annu. Rev. Biochem. 78, 
477-513. doi: 10.1146/annurev. 
biochem.78.08 1 507. 1 0 1 607 

Galanty, Y, Belotserkovskaya, R., 
Coates, J., and Jackson, S. P. 
(2012). RNF4, a SUMO-targeted 
Ubiquitin E3 ligase, promotes 
DNA double-strand break repair. 
Genes Develop. 26, 1179-1195. doi: 
10.1101/gad.l88284.112 

Galanty, Y, Belotserkovskaya, R., 
Coates, J., Polo, S., Miller, K. M., and 
Jackson, S. P. (2009). Mammalian 
SUMO E3-ligases PIAS1 and PIAS4 
promote responses to DNA double- 
strand breaks. Nature 462, 935-939. 
doi: 10.1038/nature08657 

Gali, H, Juhasz, S., Morocz, M., Hajdu, 
I., Fatyol, K., Szukacsov, V., et al. 
(2012). Role of SUMO modifica- 
tion of human PCNA at stalled 
replication fork. Nucleic Acids Res. 
40, 6049-6059. doi: 10.1093/nar/ 
gks256 

Garg, P., and Burgers, P. M. (2005). 
Ubiquitinated proliferating cell 
nuclear antigen activates transle- 
sion DNA polymerases eta and 
REV1. Proc. Natl. Acad. Sci. 
U.S.A. 102, 18361-18366. doi: 
10.1073/pnas.0505949102 

Gatti, M., Pinato, S., Maspero, E., 
Soffientini, P., Polo, S., and Penengo, 
L. (2012). A novel Ubiquitin mark at 
the N-terminal tail of histone H2As 
targeted by RNF168 Ubiquitin lig- 
ase. Cell Cycle 11, 2538-2544. doi: 
10.4161/cc.20919 

Ginjala, V., Nacerddine, K., Kulkarni, 
A., Oza, J., Hill, S. J., Yao, M., 
et al. (2011). BMI1 is recruited 
to DNA breaks and contributes 
to DNA damage-induced H2A 
Ubiquitination and repair. Mole. 
Cell. Biol. 31, 1972-1982. doi: 
10.1128/MCB.00981-10 

Gocke, C. B., Yu, H., and Kang, J. 
(2005). Systematic identifica- 
tion and analysis of mammalian 



www.frontiersin.org 



June 2013 | Volume 4 | Article 106 | 13 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 



small Ubiquitin-like modi- 
fier substrates. /. Biol. Chem. 
280, 5004-50f2. doi: i0.1074/jbc. 
M41 1718200 
Goehring, A. S., Rivers, D. M., 
and Sprague, G. F. Jr. (2003). 
Urmylation: a Ubiquitin-like 
pathway that functions during 
invasive growth and budding 
in yeast. Mole. Biol. Cell 14, 
4329-4341. doi: 10.1091/mbc.E03- 
02-0079 

Goh, A. M., Walters, K. J., Elsasser, S, 
Verma, R., Deshaies, R. J., Finley, 
D., et al. (2008). Components of 
the Ubiquitin-proteasome pathway 
compete for surfaces on Rad23 fam- 
ily proteins. BMC Biochem. 9:4. doi: 
10.1186/1471-2091-9-4 

Goldknopf, I. L., Taylor, C. W., 
Baum, R. M., Yeoman, L. C, 
Olson, M. O., Prestayko, A. 
W., et al. (1975). Isolation and 
characterization of protein A24, a 
"histone-like" non-histone chromo- 
somal protein. /. Biol. Chem. 250, 
7182-7187. 

Gong, L., Li, B., Millas, S., and Yeh, E. 
T. (1999). Molecular cloning and 
characterization of human AOS1 
and UBA2, components of the 
sentrin-activating enzyme com- 
plex. FEBS Lett. 448, 185-189. doi: 
10.1016/S0014-5793(99)00367-l 

Goodarzi, A. A., Jonnalagadda, 
J. C, Douglas, R, Young, D., 
Ye, R., Moorhead, G. B., et al. 
(2004). Autophosphorylation of 
ataxia-telangiectasia mutated is 
regulated by protein phosphatase 
2A. EMBO J. 23, 4451-4461. doi: 
10.1038/sj.emboj.7600455 

Goodarzi, A. A., Noon, A. T., Deckbar, 
D., Ziv, Y., Shiloh, Y, Lobrich, 
M., et al. (2008). ATM signaling 
facilitates repair of DNA double- 
strand breaks associated with 
heterochromatin. Mole. Cell 31, 
167-177. doi: 10.1016/j.molcel. 
2008.05.017 

Grabbe, C, and Dikic, I. (2009). 
Functional roles of Ubiquitin-like 
domain (ULD) and Ubiquitin- 
binding domain (UBD) containing 
proteins. Chem. Rev. 109, 
1481-1494. doi: 10.1021/cr800413p 

Gudjonsson, T., Altmeyer, M., Savic, 
V., Toledo, L., Dinant, C., Grofte, 
M., et al. (2012). TRIP12 and 
UBR5 suppress spreading of 
chromatin ubiquitylation at dam- 
aged chromosomes. Cell 150, 
697-709. doi: 10.1016/j.cell. 
2012.06.039 

Guedat, P., and Colland, F. (2007). 
Patented small molecule inhibitors 
in the Ubiquitin proteasome system. 
BMC Biochem. 8(Suppl 1):S14. doi: 
10.1186/1471-2091-8-S1-S14 



Guo, Z., Kanjanapangka, J., Liu, N., Liu, 
S., Liu, C., Wu, Z., et al. (2012). 
Sequential posttranslational mod- 
ifications program FEN1 degra- 
dation during cell-cycle progres- 
sion. Mole. Cell 47, 444-456. doi: 
10.1016/j.molcel.2012.05.042 

Hanada, T., Noda, N. N., Satomi, Y., 
Ichimura, Y, Fujioka, Y, Takao, T., 
et al. (2007). The Atgl2-Atg5 con- 
jugate has a novel E3-like activity 
for protein lipidation in autophagy. 
/. Biol. Chem. 282, 37298-37302. 
doi: 10.1074/jbc.C700195200 

Hannich, J. T, Lewis, A., Kroetz, 
M. B., Li, S. J., Heide, H., EmiU, 
A., et al. (2005). Defining the 
SUMO-modified proteome 
by multiple approaches in 
Saccharomyces cerevisiae. /. Biol. 
Chem. 280, 4102-4110. doi: 
10.1074/jbc.M413209200 

Hardeland, U., Steinacher, R., Jiricny, J., 
and Schar, P. (2002). Modification 
of the human thymine-DNA gly- 
cosylase by Ubiquitin-like proteins 
facilitates enzymatic turnover. 
EMBO J. 21, 1456-1464. doi: 
10.1093/emboj/21.6.1456 

Hay, R. T. (2005). SUMO: a history of 
modification. Mole. Cell 18, 1-12. 
doi: 10.1016/j.molcel.2005.03.012 

Hayashi, T, Seki, M., Maeda, D., Wang, 
W., Kawabe, Y, Seki, T., et al. 
(2002). Ubc9 is essential for via- 
bility of higher eukaryotic cells. 
Exp. Cell Res. 280, 212-221. doi: 
10.1006/excr.2002.5634 

Hemelaar, J., Borodovsky, A., Kessler, B. 
M., Reverter, D, Cook, J., Kolli, N., 
et al. (2004). Specific and covalent 
targeting of conjugating and decon- 
jugating enzymes of Ubiquitin-like 
proteins. Mole. Cell. Biol. 24, 
84-95. doi: 10.1128/MCB.24.1.84- 
95.2004 

Henneke, G, Koundrioukoff, 
S., and Hubscher, U. (2003). 
Phosphorylation of human Fenl by 
cyclin-dependent kinase modulates 
its role in replication fork regula- 
tion. Oncogene 22, 4301-4313. doi: 
10.1038/sj.onc.l206606 

Hershko, A., and Ciechanover, A. 
(1998). The Ubiquitin sys- 
tem. Annu. Rev. Biochem. 67, 
425^79. doi: 10.1146/annurev. 
biochem.67. 1.425 

Hershko, A., Ciechanover, A., Heller, 
H., Haas, A. L., and Rose, I. A. 
(1980). Proposed role of ATP 
in protein breakdown: conju- 
gation of protein with multiple 
chains of the polypeptide of 
ATP-dependent proteolysis. 
Proc. Natl Acad. Sci. U.S.A. 77, 
1783-1786. 

Hibi, K., Sakata, M., Sakuraba, K., 
Shirahata, A., Goto, T, Mizukami, 



H, et al. (2008). Aberrant methy- 
lation of the HACE1 gene is fre- 
quently detected in advanced col- 
orectal cancer. Anticancer Res. 28, 
1581-1584. 

Hickey, C. M., Wilson, N. R., and 
Hochstrasser, M. (2012). Function 
and regulation of SUMO pro- 
teases. Nat. Rev. Mole. Cell Biol. 13, 
755-766. doi: 10.1038/nrm3478 

Hjerpe, R., and Rodriguez, M. S. 
(2008). Alternative UPS drug targets 
upstream the 26S proteasome. Int. 
J. Biochem. Cell Biol. 40, 1126-1140. 
doi: 10.1016/j.biocel.2007.1 1.021 

Hochstrasser, M. (2001). SP-RING 
for SUMO: new functions 
bloom for a Ubiquitin-like 
protein. Cell 107, 5-8. doi: 
10.1016/S0092-8674(01)00519-0 

Hoege, C, Pfander, B., Moldovan, G. 
L., Pyrowolakis, G., and Jentsch, 
S. (2002). RAD6-dependent DNA 
repair is linked to modifica- 
tion of PCNA by Ubiquitin and 
SUMO. Nature 419, 135-141. doi: 
10.1038/nature00991 

Hoeller, D., and Dikic, I. (2009). 
Targeting the Ubiquitin system 
in cancer therapy. Nature 458, 
438-444. doi: 10.1038/nature07960 

Honaker, Y, and Piwnica-Worms, 
H. (2010). Casein kinase 1 
functions as both penultimate 
and ultimate kinase in reg- 
ulating Cdc25A destruction. 
Oncogene 29, 3324-3334. doi: 
10.1038/onc.2010.96 

Hori, T, Osaka, F., Chiba, T, 
Miyamoto, C, Okabayashi, K., 
Shimbara, N., et al. (1999). 
Covalent modification of all 
members of human cullin family 
proteins by NEDD8. Oncogene 18, 
6829-6834. doi: 10.1038/sj.onc. 
1203093 

Hsieh, Y. L., Kuo, H. Y, Chang, 
C. C, Naik, M. T, Liao, P. H, 
Ho, C. C, et al. (2013). Ubc9 
acetylation modulates distinct 
SUMO target modification and 
hypoxia response. EMBO J. 32, 
791-804. doi: 10.1038/emboj. 
2013.5 

Huang, J., Huen, M. S., Kim, H, 
Leung, C. C, Glover, J. N., Yu, 
X., et al. (2009). RAD18 transmits 
DNA damage signalling to elicit 
homologous recombination repair. 
Nat. Cell Biol. 11, 592-603. doi: 
10.1038/ncbl865 

Huang, L., Kinnucan, E., Wang, G, 
Beaudenon, S., Howley, P. M., 
Huibregtse, J. M., et al. (1999). 
Structure of an E6AP-UbcH7 com- 
plex: insights into Ubiquitination 
by the E2-E3 enzyme cascade. 
Science 286, 1321-1326. doi: 
10.11 26/science.286.5443. 1 32 1 



Huang, T. T, Wuerzberger-Davis, S. 
M., Wu, Z. H, and Miyamoto, 
S. (2003). Sequential modification 
of NEMO/IKKgamma by SUMO-1 
and Ubiquitin mediates NF-kappaB 
activation by genotoxic stress. Cell 
115, 565-576. doi: 10.1016/S0092- 
8674(03)00895-X 

Huen, M. S., Grant, R., Manke, I., 
Minn, K., Yu, X., Yaffe, M. B., et al. 
(2007). RNF8 transduces the DNA- 
damage signal via histone ubiq- 
uitylation and checkpoint protein 
assembly. Cell 131, 901-914. doi: 
10.1016/j.cell.2007.09.041 

Huertas, P., and Jackson, S. P. 
(2009). Human CtIP mediates 
cell cycle control of DNA end 
resection and double strand 
break repair. /. Biol. Chem. 284, 
9558-9565. doi: 10.1074/jbc. 
M808906200 

Huh, J., and Piwnica-Worms, H. 
(2013). CRL4CDT2 Targets CHK1 
for PCNA-independent destruction. 
Mole. Cell. Biol. 33, 213-226. doi: 
10.1128/MCB.00847-12 

Ikeda, E, and Dikic, I. (2008). Atypical 
Ubiquitin chains: new molecular 
signals. 'Protein Modifications: 
Beyond the Usual Suspects' review 
series. EMBO Rep. 9, 536-542. doi: 
10.1038/embor.2008.93 

Issaeva, N., Bozko, P., Enge, M., 
Protopopova, M., Verhoef, L. G, 
Masucci, M., et al. (2004). Small 
molecule RITA binds to p53, 
blocks p53-HDM-2 interaction and 
activates p53 function in tumors. 
Nat. Med. 10, 1321-1328. doi: 
10.1038/nmll46 

Jacques, C, Baris, O., Prunier- 
Mirebeau, D., Savagner, F., Rodien, 
P., Rohmer, V., et al. (2005). Two- 
step differential expression analysis 
reveals a new set of genes involved 
in thyroid oncocytic tumors. /. Clin. 
Endocrinol. Metab. 90, 2314-2320. 
doi: 10.1210/jc.2004-1337 

Jazayeri, A., Falck, J., Lukas, C, 
Bartek, J., Smith, G. C, Lukas, 
J., et al. (2006). ATM- and cell 
cycle-dependent regulation of ATR 
in response to DNA double-strand 
breaks. Nat. Cell Biol. 8, 37-45. doi: 
10.1038/ncbl337 

Jeon, Y. J., Yoo, H. M., and Chung, 
C. H. (2010). ISG15 and 
immune diseases. Biochimica et 
Biophysica Acta 1802, 485-496. doi: 
10.1016/j.bbadis.2010.02.006 

Jin, J., Ang, X. L., Ye, X., Livingstone, 
M., and Harper, J. W. (2008a). 
Differential roles for checkpoint 
kinases in DNA damage-dependent 
degradation of the Cdc25A 
protein phosphatase. /. Biol. 
Chem. 283, 19322-19328. doi: 
10.1074/jbc.M802474200 



Frontiers in Genetics | Cancer Genetics 



June 2013 | Volume 4 | Article 106 | 14 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 



Jin, L., Williamson, A., Banerjee, S., 
Philipp, I, and Rape, M. (2008b). 
Mechanism of Ubiquitin-chain 
formation by the human anaphase- 
promoting complex. Cell 133, 
653-665. doi: 10.1016/j.cell.2008. 
04.012 

Johnson, E. S, and Blobel, G. (1997). 
Ubc9p is the conjugating enzyme 
for the Ubiquitin-like protein 
Smt3p. /. Biol. Chem. 272, 
26799-26802. doi: 10.1074/jbc. 
272.43.26799 

Jones, R. M., and Petermann, E. 
(2012). Replication fork dynamics 
and the DNA damage response. 
Biochem. J. 443, 13-26. doi: 
10.1042/BJ201 12100 

Kang, T., Wei, Y., Honaker, Y., 
Yamaguchi, H., Appella, E., Hung, 
M. C, et al. (2008). GSK-3 beta 
targets Cdc25A for Ubiquitin- 
mediated proteolysis, and GSK-3 
beta inactivation correlates with 
Cdc25A overproduction in human 
cancers. Cancer Cell 13, 36-47. doi: 
10.1016/j.ccr.2007.12.002 

Kim, H. T., Kim, K. P., Lledias, E, 
Kisselev, A. E, Scaglione, K. M., 
Skowyra, D., et al. (2007). Certain 
pairs of Ubiquitin-conjugating 
enzymes (E2s) and Ubiquitin- 
protein ligases (E3s) synthesize 
nondegradable forked Ubiquitin 
chains containing all possible 
isopeptide linkages. /. Biol. 
Chem. 282, 17375-17386. doi: 
10.1074/jbc.M609659200 

Kim, W, Bennett, E. J., Huttlin, E. 
L., Guo, A., Li, J., Possemato, 
A., et al. (2011). Systematic and 
quantitative assessment of the 
Ubiquitin-modified proteome. 
Mole. Cell 44, 325-340. doi: 
10.1016/j.molcel.2011.08.025 

Kimura, Y, and Tanaka, K. (2010). 
Regulatory mechanisms involved in 
the control of Ubiquitin homeosta- 
sis. /. Biochem. 147, 793-798. doi: 
10.1093/jb/mvq044 

Komander, D., Clague, M. J., and 
Urbe, S. (2009). Breaking the chains: 
structure and function of the deU- 
biquitinases. Nat. Rev. Mole. Cell 
Biol. 10, 550-563. doi: 10.1038/ 
nrm273 1 

Komander, D., and Rape, M. (2012). 
The Ubiquitin code. Annu. Rev. 
Biochem. 81, 203-229. doi: 10.1146/ 
annurev-biochem-0603 10- 1 70328 

Kouzarides, T. (2007). Chromatin 
modifications and their func- 
tion. Cell 128, 693-705. doi: 
10.1016/j.cell.2007.02.005 

Kruhlak, M. J., Celeste, A., Dellaire, 
G., Fernandez-Capetillo, O., 
Muller, W. G., McNally, J. G, et al. 
(2006). Changes in chromatin 
structure and mobility in living 



cells at sites of DNA double- 
strand breaks. /. Cell Biol. 172, 
823-834. doi: 10.1083/jcb. 
200510015 
Kulathu, Y, and Komander, D. (2012). 
Atypical ubiquitylation - the 
unexplored world of polyUbiq- 
uitin beyond Lys48 and Lys63 
linkages. Nat. Rev. Mole. Cell 
Biol. 13, 508-523. doi: 10.1038/ 
nrm3394 

Kumar, S., Tomooka, Y, and Noda, 
M. (1992). Identification of a set 
of genes with developmentally 
down-regulated expression in the 
mouse brain. Biochem. Biophys. 
Res. Commun. 185, 1155-1161. doi: 
10.1016/0006-291X(92)91747-E 

Lallemand-Breitenbach, V., Jeanne, 
M., Benhenda, S., Nasr, R., Lei, 
M., Peres, L., et al. (2008). Arsenic 
degrades PML or PML-RARalpha 
through a SUMO-triggered 
RNF4/Ubiquitin-mediated path- 
way. Nat. Cell Biol. 10, 547-555. doi: 
10.1038/ncbl717 

Lee, C. H., and Chung, J. H. (2001). 
The hCdsl (Chk2)-FHA domain 
is essential for a chain of phos- 
phorylation events on hCdsl that 
is induced by ionizing radiation. 
/. Biol. Chem. 276, 30537-30541. 
doi: 10.1074/jbc.M104414200 

Liu, Q., Guntuku, S., Cui, X. S., 
Matsuoka, S., Cortez, D., Tamai, K., 
et al. (2000). Chkl is an essential 
kinase that is regulated by Atr 
and required for the G(2)/M 
DNA damage checkpoint. Genes 
Develop. 14, 1448-1459. doi: 
10.1101/gad.l4.12.1448 

Loizou, J. I., El-Khamisy, S. F., 
Zlatanou, A., Moore, D. J., Chan, 
D. W., Qin, J., et al. (2004). The 
protein kinase CK2 facilitates 
repair of chromosomal DNA 
single-strand breaks. Cell 117, 
17-28. doi: 10.1016/S0092-8674 
(04)00206-5 

Luo, K., Zhang, FL, Wang, L., Yuan, J., 
and Lou, Z. (2012). Sumoylation 
of MDC1 is important for 
proper DNA damage response. 
EMBO J. 31, 3008-3019. doi: 
10.1038/emboj.2012.158 

MacDougall, C. A., Byun, T. S., Van, 
C, Yee, M. C, and Cimprich, K. 
A. (2007). The structural deter- 
minants of checkpoint activation. 
Genes Develop. 21, 898-903. doi: 
10.1101/gad.l522607 

Mahajan, R., Delphin, C, Guan, 
T., Gerace, L., and Melchior, F. 
(1997). A small Ubiquitin-related 
polypeptide involved in targeting 
RanGAPl to nuclear pore com- 
plex protein RanBP2. Cell 88, 
97-107. doi: 10.1016/S0092- 
8674(00)81862-0 



Mahajan, R., Gerace, L., and Melchior, 

F. (1998). Molecular characteriza- 
tion of the SUMO-1 modifica- 
tion of RanGAPl and its role 
in nuclear envelope association. 
/. Cell Biol. 140, 259-270. doi: 
10.1083/jcb.l40.2.259 

Mailand, N., Bekker-Jensen, S., 
Faustrup, PL, Melander, F., 
Bartek, J., Lukas, C, et al. (2007). 
RNF8 ubiquitylates histories at 
DNA double-strand breaks and 
promotes assembly of repair pro- 
teins. Cell 131, 887-900. doi: 
10.1016/j.cell.2007.09.040 

Mallette, F. A., Mattiroli, E, Cui, 

G. , Young, L. C, Hendzel, M. 
J., Mer, G., et al. (2012). RNF8- 
and RNF 168 -dependent degra- 
dation of KDM4A/JMJD2A 
triggers 53BP1 recruitment to 
DNA damage sites. EMBO /. 31, 
1865-1878. doi: 10.1038/emboj. 
2012.47 

Mamely, I., Van Vugt, M. A., Smits, 
V. A., Semple, J. I., Lemmens, B., 
Perrakis, A., et al. (2006). Polo-like 
kinase- 1 controls proteasome- 
dependent degradation of Claspin 
during checkpoint recovery. Curr. 
Biol. CB 16, 1950-1955. doi: 
10.1016/j.cub.2006.08.026 

Marin, I. (2012). Origin and diver- 
sification of TRIM Ubiquitin lig- 
ases. PLoS ONE 7:e50030. doi: 
10.1371/journal.pone.0050030 

Markson, G., Kiel, C, Hyde, R., 
Brown, S., Charalabous, P., Bremm, 
A., et al. (2009). Analysis of the 
human E2 Ubiquitin conjugat- 
ing enzyme protein interaction 
network. Genome Res. 19, 
1905-1911. doi: 10.1101/gr. 
093963.109 

Marteijn, J. A., Bekker-Jensen, S., 
Mailand, N., Lans, H., Schwertman, 
P., Gourdin, A. M., et al. (2009). 
Nucleotide excision repair-induced 
H2A Ubiquitination is dependent 
on MDC1 and RNF8 and reveals a 
universal DNA damage response. 
/. Cell Biol. 186, 835-847. doi: 
10.1083/jcb.200902150 

Matsuoka, S., Ballif, B. A., 
Smogorzewska, A., McDonald, 
E. R. 3rd., Hurov, K. E., Luo, 
J., et al. (2007). ATM and ATR 
substrate analysis reveals exten- 
sive protein networks responsive 
to DNA damage. Science 316, 
1160-1166. doi: 10.1126/science. 
1140321 

Matsuoka, S., Rotman, G., Ogawa, A., 
Shiloh, Y, Tamai, K., and Elledge, 
S. J. (2000). Ataxia telangiectasia- 
mutated phosphorylates Chk2 
in vivo and in vitro. Proc. Natl. Acad. 
Sci. USA. 97, 10389-10394. doi: 
10.1073/pnas.l90030497 



Mattiroli, E, Vissers, J. H., Van 
Dijk, W. J., Ikpa, P., Citterio, 
E., Vermeulen, W., et al. (2012). 
RNF168 Ubiquitinates K13-15 on 
H2A/H2AX to drive DNA damage 
signaling. Cell 150, 1182-1195. doi: 
10.1016/j.cell.2012.08.005 

Matunis, M. J., Coutavas, E., and 
Blobel, G. (1996). A novel 
Ubiquitin-like modification 
modulates the partitioning of 
the Ran-GTPase-activating protein 
RanGAPl between the cytosol 
and the nuclear pore complex. 
/. Cell Biol. 135, 1457-1470. doi: 
10.1083/jcb.l35.6.1457 

Meerang, M., Ritz, D., Paliwal, 
S., Garajova, Z., Bosshard, M., 
Mailand, N., et al. (2011). The 
Ubiquitin-selective segregase 
VCP/p97 orchestrates the response 
to DNA double-strand breaks. 
Nat. Cell Biol. 13, 1376-1382. doi: 
10.1038/ncb2367 

Melchior, F. (2000). SUMO- 
nonclassical Ubiquitin. Annu. Rev. 
Cell Develop. Biol. 16, 591-626. doi: 
10.1 146/annurev.cellbio. 16.1.591 

Michelle, C, Vourc'h, P., Mignon, 
L., and Andres, C. R. (2009). 
What was the set of Ubiquitin 
and Ubiquitin-like conjugating 
enzymes in the eukaryote com- 
mon ancestor? /. Mole. Evol. 68, 
616-628. doi: 10.1007/s00239-009- 
9225-6 

Mikolajczyk, J., Drag, M., Bekes, M., 
Cao, J. T, Ronai, Z., and Salvesen, 
G. S. (2007). Small Ubiquitin- 
related modifier (SUMO)-specific 
proteases: profiling the speci- 
ficities and activities of human 
SENPs. /. Biol. Chem. 282, 
26217-26224. doi: 10.1074/jbc. 
M702444200 

Mimitou, E. P., and Symington, L. S. 
(2009). DNA end resection: many 
nucleases make light work. DNA 
Rep. (Amst). 8, 983-995. doi: 
10.1016/j.dnarep.2009.04.017 

Mo, Y. Y, and Moschos, S. J. (2005). 
Targeting Ubc9 for cancer ther- 
apy. Exp. Opin. Therapeut. 
Targets 9, 1203-1216. doi: 
10.1517/14728222.9.6.1203 

Mo, Y. Y, Yu, Y, Theodosiou, E., 
Ee, P. L., and Beck, W. T. (2005). 
A role for Ubc9 in tumorigene- 
sis. Oncogene 24, 2677-2683. doi: 
10.1038/sj.onc.l208210 

Morin, I., Ngo, H. P., Greenall, A., 
Zubko, M. K., Morrice, N., and 
Lydall, D. (2008). Checkpoint- 
dependent phosphorylation of 
Exol modulates the DNA damage 
response. EMBO J. 27, 2400-2410. 
doi: 10.1038/emboj.2008.171 

Morris, J. R., Boutell, C, Keppler, 
M., Densham, R., Weekes, D., 



www.frontiersin.org 



June 2013 | Volume 4 | Article 106 | 15 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 



Alamshah, A., et al. (2009). 
The SUMO modification path- 
way is involved in the BRCAl 
response to genotoxic stress. 
Nature 462, 886-890. doi: 10.1038/ 
nature08593 
Morrison, A. J., Highland, J., Krogan, 
N. J., Arbel-Eden, A., Greenblatt, 
J. R, Haber, J. E., et al. (2004). 
INO80 and gamma-H2AX inter- 
action links ATP-dependent 
chromatin remodeling to 
DNA damage repair. Cell 119, 
767-775. doi: 10.1016/j.cell.2004. 
11.037 

Moschos, S. J., Jukic, D. M„ 
Athanassiou, C, Bhargava, R., 
Dacic, S., Wang, X., et al. (2010). 
Expression analysis of Ubc9, 
the single small Ubiquitin-like 
modifier (SUMO) E2 conju- 
gating enzyme, in normal and 
malignant tissues. Hum. Pathol. 41, 
1286-1298. doi: 10.1016/j.humpath. 
2010.02.007 

Moschos, S. J., Smith, A. R, Mandic, 
M., Athanassiou, C, Watson- 
Hurst, K., Jukic, D. M., et al. 
(2007). SAGE and antibody array 
analysis of melanoma- infiltrated 
lymph nodes: identification of 
Ubc9 as an important molecule 
in advanced -stage melanomas. 
Oncogene 26, 4216-4225. doi: 
10.1038/sj.onc.l210216 

Moyal, L., Lerenthal, Y., Gana-Weisz, 
M., Mass, G., So, S., Wang, S. 
Y., et al. (2011). Requirement of 
ATM-dependent monoubiquity- 
lation of histone H2B for timely 
repair of DNA double-strand 
breaks. Mole. Cell 41, 529-542. doi: 
1 0. 1016/j.molcel.20 1 1 .02.0 1 5 

Mueller, T D., and Feigon, J. (2003). 
Structural determinants for 
the binding of Ubiquitin-like 
domains to the proteasome. 
EMBO ]. 22, 4634-4645. doi: 
10.1093/emboj/cdg467 

Muller, S., Matunis, M. J., and Dejean, 
A. (1998). Conjugation with the 
Ubiquitin-related modifier SUMO- 
1 regulates the partitioning of PML 
within the nucleus. EMBO J. 17, 
61-70. doi: 10.1093/emboj/17.1.61 

Murr, R., Loizou, J. I., Yang, Y. G., 
Cuenin, C., Li, H., Wang, Z. Q., 
et al. (2006). Histone acetylation 
by Trrap-Tip60 modulates loading 
of repair proteins and repair of 
DNA double-strand breaks. Nat. 
Cell Biol. 8, 91-99. doi: 10.1038/ 
neb 1343 

Nacerddine, K., Lehembre, E, 
Bhaumik, M., Artus, J., Cohen- 
Tannoudji, M., Babinet, C., et al. 
(2005). The SUMO pathway is 
essential for nuclear integrity and 
chromosome segregation in mice. 



Developm. Cell 9, 769-779. doi: 
10.1016/j.devcel.2005.10.007 

Nakada, S., Tai, 1., Panier, S., Al-Hakim, 
A., Iemura, S., Juang, Y. C., et al. 
(2010). Non-canonical inhibi- 
tion of DNA damage-dependent 
Ubiquitination by OTUB1. Nature 
466, 941-946. doi: 10.1038/ 
nature09297 

Nicassio, E, Corrado, N., Vissers, J. H., 
Areces, L. B., Bergink, S., Marteijn, 
J. A., et al. (2007). Human USP3 
is a chromatin modifier required 
for S phase progression and 
genome stability. Curr. Biol. CB 17, 
1972-1977. doi: 10.1016/j.cub. 
2007.10.034 

Nijman, S. M., Luna-Vargas, M. P., 
Velds, A., Brummelkamp, T. R., 
Dirac, A. M., Sixma, T. K., et al. 
(2005). A genomic and functional 
inventory of deUbiquitinating 
enzymes. Cell 123, 773-786. doi: 
10.1016/j.cell.2005. 11.007 

Ouyang, K. J., Woo, L. L., Zhu, J., Huo, 
D., Matunis, M. J., and Ellis, N. A. 
(2009). SUMO modification regu- 
lates BLM and RAD51 interaction 
at damaged replication forks. PLoS 
Biol. 7:el000252.doi: 10.1371/jour- 
nal.pbio.1000252 

Pan, M. R., Peng, G., Hung, W. 
C., and Lin, S. Y. (2011). 
MonoUbiquitination of H2AX 
protein regulates DNA damage 
response signaling. /. Biol. Chem. 
286, 28599-28607. doi: 10.1074/jbc. 
M111.256297 

Pan, Z. Q., Kentsis, A., Dias, D. C., 
Yamoah, K., and Wu, K. (2004). 
Nedd8 on cullin: building an 
expressway to protein destruction. 
Oncogene 23, 1985-1997. doi: 
10.1038/sj.onc.l207414 

Panier, S., Ichijima, Y, Fradet-Turcotte, 
A., Leung, C. C., Kaustov, L., 
Arrowsmith, C. H., et al. (2012). 
Tandem protein interaction 
modules organize the Ubiquitin- 
dependent response to DNA 
double-strand breaks. Mole. Cell 
47, 383-395. doi: 10.1016/j.molcel. 
2012.05.045 

Papouli, E., Chen, S., Davies, A. A., 
Huttner, D., Krejci, L., Sung, P., 
et al. (2005). Crosstalk between 
SUMO and Ubiquitin on PCNA 
is mediated by recruitment of 
the helicase Srs2p. Mole. Cell 19, 
123-133. doi: 10.1016/j.molcel. 
2005.06.001 

Parsons, J. L., Tait, P. S., Finch, D., 
Dianova, I. I., Allinson, S. L., 
and Dianov, G. L. (2008). CHIP- 
mediated degradation and DNA 
damage-dependent stabilization 
regulate base excision repair pro- 
teins. Mole. Cell 29, 477-487. doi: 
10.1016/j.molcel.2007.12.027 



Peschiaroli, A., Dorrello, N. V, 
Guardavaccaro, D., Venere, M., 
Halazonetis, T., Sherman, N. et al. 
(2006). SCFbetaTrCP-mediated 
degradation of Claspin regu- 
lates recovery from the DNA 
replication checkpoint response. 
Mole. Cell 23, 319-329. doi: 
10.1016/j.molcel.2006.06.013 

Pessetto, Z. Y, Yan, Y., Bessho, T, 
and Natarajan, A. (2012). Inhibition 
of BRCT(BRCAl)-phosphoprotein 
interaction enhances the cytotoxic 
effect of olaparib in breast cancer 
cells: a proof of concept study for 
synthetic lethal therapeutic option. 
Breast Cancer Res. Treatment 134, 
511-517. doi: 10.1007/sl0549-012- 
2079-4 

Petroski, M. D., and Deshaies, R. 
J. (2005). Mechanism of lysine 
48-linked Ubiquitin- chain syn- 
thesis by the cullin-RING 
Ubiquitin -ligase complex SCF- 
Cdc34. Cell 123, 1107-1120. doi: 
10.1016/j.cell.2005.09.033 

Pfander, B., Moldovan, G. L., Sacher, 
M., Hoege, C, and Jentsch, S. 
(2005). SUMO-modified PCNA 
recruits Srs2 to prevent recombi- 
nation during S phase. Nature 436, 
428^33. doi: 10.1038/nature03665 

Pichler, A., Gast, A., Seeler, J. S., 
Dejean, A., and Melchior, E (2002). 
The nucleoporin RanBP2 has 
SUMOl E3 ligase activity. Cell 108, 
109-120. doi: 10.1016/S0092-8674 
(01)00633-X 

Pinato, S., Gatti, M., Scandiuzzi, C, 
Confalonieri, S., and Penengo, 
L. (2011). UMI, a novel RNF168 
Ubiquitin binding domain involved 
in the DNA damage signaling path- 
way. Mole. Cell. Biol 31, 118-126. 
doi: 10.1128/MCB.00818-10 

Pinato, S., Scandiuzzi, C, Arnaudo, 
N., Citterio, E., Gaudino, G., and 
Penengo, L. (2009). RNF168, a 
new RING finger, MIU- containing 
protein that modifies chromatin by 
Ubiquitination of histones H2A and 
H2AX. BMC Mole. Biol. 10, 55. doi: 
10.1186/1471-2199-10-55 

Polo, S. E., and Jackson, S. P. (2011). 
Dynamics of DNA damage response 
proteins at DNA breaks: a 
focus on protein modifications. 
Genes Develop. 25, 409-433. doi: 
10.1101/gad.2021311 

Poulsen, M., Lukas, C, Lukas, J., 
Bekker- Jensen, S., and Mailand, 
N. (2012). Human RNF169 
is a negative regulator of the 
Ubiquitin-dependent response 
to DNA double-strand breaks. 
/. Cell Biol. 197, 189-199. doi: 
10.1083/jcb.201109100 

Psakhye, L, and Jentsch, S. (2012). 
Protein group modification and 



synergy in the SUMO path- 
way as exemplified in DNA 
repair. Cell 151, 807-820. doi: 
10.1016/j.cell.2012.10.021 

Rajendra, R., Malegaonkar, D., 
Pungaliya, P., Marshall, H., 
Rasheed, Z., Brownell, J., et al. 
(2004). Topors functions as an E3 
Ubiquitin ligase with specific E2 
enzymes and Ubiquitinates p53. 
/. Biol. Chem. 279, 36440-36444. 
doi: 10.1074/jbc.C400300200 

Rape, M., Reddy, S. K., and Kirschner, 
M. W. (2006). The processivity 
of multiUbiquitination by the 
APC determines the order of 
substrate degradation. Cell 124, 
89-103. doi: 10.1016/j.cell. 
2005.10.032 

Rastogi, N., and Mishra, D. P. (2012). 
Therapeutic targeting of can- 
cer cell cycle using proteasome 
inhibitors. Cell Division 7:26. doi: 
10.1186/1747-1028-7-26 

Reyes-Turcu, F. E., Ventii, K. H., and 
Wilkinson, K. D. (2009). Regulation 
and cellular roles of Ubiqu non- 
specific deUbiquitinating enzymes. 
Anna. Rev. Biochem. 78, 363-397. 
doi: 10.1146/annurev.biochem.78. 
082307.091526 

Rodrigo-Brenni, M. C, and Morgan, 
D. O. (2007). Sequential E2s 
drive polyUbiquitin chain assem- 
bly on APC targets. Cell 130, 
127-139. doi: 10.1016/j.cell.2007. 
05.027 

Rogakou, E. P., Pilch, D. R., Orr, A. 
H., Ivanova, V. S., and Bonner, W. 
M. (1998). DNA double-stranded 
breaks induce histone H2AX 
phosphorylation on serine 139. 
/. Biol. Chem. 273, 5858-5868. doi: 
10.1074/jbc.273.10.5858 

Saitoh, H., and Hinchey, J. (2000). 
Functional heterogeneity of small 
Ubiquitin-related protein modi- 
fiers SUMO-1 versus SUMO-2/3. 
/. Biol. Chem. 275, 6252-6258. doi: 
10.1074/jbc.275.9.6252 

Sancar, A., Lindsey-Boltz, L. A., 
Unsal-Kacmaz, K., and Linn, S. 
(2004). Molecular mechanisms 
of mammalian DNA repair and 
the DNA damage checkpoints. 
Annu. Rev. Biochem. 73, 39-85. 
doi: 10.1146/annurev.biochem.73. 
011303.073723 

Sato, Y., Yoshikawa, A., Mimura, 
H., Yamashita, M., Yamagata, A., 
and Fukai, S. (2009). Structural 
basis for specific recognition 
of Lys 63-linked polyUbiquitin 
chains by tandem UIMs of RAP80. 
EMBO J. 28, 2461-2468. doi: 
10.1038/emboj.2009.160 

Schmidt, D., and Muller, S. (2003). 
PIAS/SUMO: new partners in tran- 
scriptional regulation. Cell. Mole. 



Frontiers in Genetics | Cancer Genetics 



June 2013 | Volume 4 | Article 106 | 16 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 



Life Sci. CMLS 60, 2561-2574. doi: 
10.1007/s00018-003-3129-l 

Seufert, W., Futcher, B., and Jentsch, 
S. (1995). Role of a Ubiquitin- 
conjugating enzyme in degradation 
of S- and M-phase cyclins. Nature 
373, 78-81. doi: 10.1038/373078a0 

Shao, G., Lilli, D. R., Patterson-Fortin, 
J., Coleman, K. A., Morrissey, 
D. E., and Greenberg, R. A. 
(2009). The Rap80-BRCC36 
de-Ubiquitinating enzyme 
complex antagonizes RNF8- 
Ubcl3-dependent Ubiquitination 
events at DNA double strand 
breaks. Proc. Natl. Acad. Sci. U.S.A. 
106, 3166-3171. doi: 10.1073/pnas. 
0807485106 

Shechter, D., Costanzo, V., and Gautier, 
J. (2004). ATR and ATM regulate 
the timing of DNA replication ori- 
gin firing. Nat. Cell Biol. 6, 648-655. 
doi: 10.1038/ncbll45 

Shiloh, Y., and Ziv, Y. (2013). The ATM 
protein kinase: regulating the cellu- 
lar response to genotoxic stress, and 
more. Nat. Rev. Mole. Cell Biol. 14, 
197-210. doi: 10.1038/nrm3546 

Sims, R. J. 3rd., and Reinberg, D. 
(2008). Is there a code embedded 
in proteins that is based on post- 
translational modifications? Nat. 
Rev. Mole. Cell Biol. 9, 815-820. doi: 
10.1038/nrm2502 

Skowyra, D., Craig, K. L., Tyers, M., 
Elledge, S. J., and Harper, J. W. 
(1997). F-box proteins are receptors 
that recruit phosphorylated sub- 
strates to the SCF Ubiquitin-ligase 
complex. Cell 91, 209-219. doi: 
10.1016/S0092-8674(00)80403-l 

Smogorzewska, A., Matsuoka, S., 
Vinciguerra, R, McDonald, E. R. 
3rd., Hurov, K. E., Luo, J., et al. 
(2007). Identification of the FANCI 
protein, a monoUbiquitinated 
FANCD2 paralog required for 
DNA repair. Cell 129, 289-301. doi: 
10.1016/j.cell.2007.03.009 

Sobhian, B., Shao, G., Lilli, D. R., 
Culhane, A. C, Moreau, L. A., Xia, 
B., et al. (2007). RAP80 targets 
BRCA1 to specific Ubiquitin struc- 
tures at DNA damage sites. Science 
316, 1198-1202. doi: 10.1126/sci- 
ence.1139516 

Stewart, G. S., Panier, S., Townsend, 
K., Al-Hakim, A. K., Kolas, N. K., 
Miller, E. S., et al. (2009). The 
RIDDLE syndrome protein medi- 
ates a Ubiquitin-dependent sig- 
naling cascade at sites of DNA 
damage. Cell 136, 420-434. doi: 
10.1016/j.cell.2008. 12.042 

Sun, L., and Chen, Z. J. (2004). The 
novel functions of Ubiquitination 
in signaling. Curr. Opin. 
Cell Biol. 16, 119-126. doi: 
10.1016/j.ceb.2004.02.005 



Sun, Y. (2006). E3 Ubiquitin ligases 
as cancer targets and biomark- 
ers. Neoplasia 8, 645-654. doi: 
10.1016/J.rmed.2006.02.031 

Sun, Y, Jiang, X., Xu, Y, Ayrapetov, M. 
K., Moreau, L. A., Whetstine, J. R., 
et al. (2009). Histone H3 methyla- 
tion links DNA damage detection to 
activation of the tumour suppressor 
Tip60.Naf. Cell Biol. 11, 1376-1382. 
doi: 10.1038/ncbl982 

Tatham, M. H., Geoffroy, M. C, Shen, 
L., Plechanovova, A., Hattersley, N., 
Jaffray, E. G., et al. (2008). RNF4 is 
a poly-SUMO-specific E3 Ubiquitin 
ligase required for arsenic-induced 
PML degradation. Nat. Cell Biol. 10, 
538-546. doi: 10.1038/ncbl716 

Tatham, M. H., Jaffray, E., Vaughan, 
O. A., Desterro, J. M., Bolting, C. 
LL, Naismith, J. H., et al. (2001). 
Polymeric chains of SUMO-2 
and SUMO-3 are conjugated to 
protein substrates by SAE1/SAE2 
and Ubc9. /. Biol. Chem. 276, 
35368-35374. doi: 10.1074/jbc. 
M104214200 

Tatham, M. LL, Matic, I., Mann, M., 
and Hay, R. T. (2011). Comparative 
proteomic analysis identifies a role 
for SUMO in protein quality con- 
trol. Sci. Signaling 4, rs4. doi: 
10.1126/scisignal.2001484 

Thrower, J. S., Hoffman, L., 
Rechsteiner, M., and Pickart, 
C. M. (2000). Recognition of the 
polyUbiquitin proteolytic sig- 
nal. EMBO J. 19, 94-102. doi: 
10.1093/emboj/19.1.94 

Uematsu, N., Weterings, E., Yano, 
K., Morotomi-Yano, K., Jakob, 
B., Taucher-Scholz, G., et al. 
(2007). Autophosphorylation of 
DNA-PKCS regulates its dynamics 
at DNA double-strand breaks. 
/. Cell Biol. 177, 219-229. doi: 
10.1083/jcb.200608077 

Van Attikum, H., Fritsch, O., and 
Gasser, S. M. (2007). Distinct roles 
for SWR1 and INO80 chromatin 
remodeling complexes at chro- 
mosomal double-strand breaks. 
EMBO ]. 26, 4113-4125. doi: 
10.1038/sj.emboj.7601835 

Vandemark, A. P., Hofmann, R. 
M., Tsui, C, Pickart, C. M., 
and Wolberger, C. (2001). 
Molecular insights into polyU- 
biquitin chain assembly: crystal 
structure of the Mms2/Ubcl3 
heterodimer. Cell 105, 711-720. doi: 
10.1016/S0092-8674(01)00387-7 

Vanderborght, A., Valckx, A., Van 
Dun, J., Grand-Perret, T, De 
Schepper, S., Vialard, J., et al. 
(2006). Effect of an hdm-2 antag- 
onist peptide inhibitor on cell 
cycle progression in p53-deficient 
HI 299 human lung carcinoma 



cells. Oncogene 25, 6672-6677 '. doi: 
10.1038/sj.onc.l209667 

Vassilev, L. T. (2007). MDM2 
inhibitors for cancer therapy. 
Trends Mole. Med. 13, 23-31. doi: 
10.1016/j.molmed.2006.1 1.002 

Vertegaal, A. C, Andersen, J. S., Ogg, 
S. C, Hay, R. T, Mann, M., and 
Lamond, A. I. (2006). Distinct and 
overlapping sets of SUMO-1 and 
SUMO-2 target proteins revealed by 
quantitative proteomics. Mole. Cell. 
Proteom. MCP 5, 2298-2310. doi: 
10.1074/mcp.M600212-MCP200 

Walczak, H., Iwai, K., and Dikic, 
I. (2012). Generation and physi- 
ological roles of linear Ubiquitin 
chains. BMC Biol. 10, 23. doi: 
10.1186/1741-7007-10-23 

Walsh, C. T, Garneau-Tsodikova, 
S., and Gatto, G. J, Jr. (2005). 
Protein posttranslational modifi- 
cations: the chemistry of proteome 
diversifications. Angewandte. 
Chemie. 44, 7342-7372. doi: 
10.1002/anie.200501023 

Wang, W. (2007). Emergence of a 
DNA-damage response network 
consisting of Fanconi anaemia and 
BRCA proteins. Nat. Rev. Genet. 8, 
735-748. doi: 10.1038/nrg2159 

Waters, L. S., Minesinger, B. K., 
Wiltrout, M. E., D'souza, S., 
Woodruff, R. V., and Walker, G. 
C. (2009). Eukaryotic transle- 
sion polymerases and their roles 
and regulation in DNA damage 
tolerance. Microbiol. Mole. Biol. 
Rev. MMBR 73, 134-154. doi: 
10. 1 128/MMBR.00034-08 

Weger, S., Hammer, E., and Heilbronn, 
R. (2005). Topors acts as a SUMO- 
1 E3 ligase for p53 in vitro 
and in vivo. EEBS Lett. 579, 
5007-5012. doi: 10.1016/j.febslet. 
2005.07.088 

Weisshaar, S. R., Keusekotten, K., 
Krause, A., Horst, C, Springer, 
H. M., Gottsche, K., et al. 
(2008). Arsenic trioxide stim- 
ulates SUMO-2/3 modification 
leading to RNF4-dependent 
proteolytic targeting of PML. 
FEBS Lett. 582, 3174-3178. doi: 
10.1016/j.febslet.2008.08.008 

Wilkinson, K. A., and Henley, J. M. 
(2010). Mechanisms, regulation 
and consequences of protein 
SUMOylation. Biochem. J. 428, 
133-145. doi: 10.1042/BJ20100158 

Williamson, A., Wickliffe, K. E., 
Mellone, B. G., Song, L., Karpen, 
G. H., and Rape, M. (2009). 
Identification of a physiologi- 
cal E2 module for the human 
anaphase-promoting complex. 
Proc. Natl Acad. Sci. U.S.A. 106, 
18213-18218. doi: 10.1073/pnas. 
0907887106 



Wu, C. Y, Kang, H. Y, Yang, W. 
L., Wu, J., Jeong, Y. S., Wang, 
J., et al. (2011). Critical role of 
monoUbiquitination of histone 
H2AX protein in histone H2AX 
phosphorylation and DNA dam- 
age response. /. Biol. Chem. 286, 
30806-30815. doi: 10.1074/jbc. 
Ml 11.257469 

Wu, J., Huen, M. S., Lu, L. Y, Ye, 
L., Dou, Y, Ljungman, M., et al. 

(2009) . Histone Ubiquitination 
associates with BRCAl-dependent 
DNA damage response. Mole. 
Cell. Biol. 29, 849-860. doi: 
10.1128/MCB.01302-08 

Xu, Y, Sun, Y., Jiang, X., Ayrapetov, 
M. K., Moskwa, P., Yang, S., et al. 

(2010) . The p400 ATPase regu- 
lates nucleosome stability and chro- 
matin Ubiquitination during DNA 
repair. /. Cell Biol. 191, 31-43. doi: 
10.1083/jcb.201001160 

Xu, Z., and Au, S. W. (2005). Mapping 
residues of SUMO precursors 
essential in differential maturation 
by SUMO-specific protease, SENP1. 
Biochem. /. 386, 325-330. doi: 
10.1042/BJ20041210 

Yang, S. H., Galanis, A., Witty, J., 
and Sharrocks, A. D. (2006). 
An extended consensus motif 
enhances the specificity of sub- 
strate modification by SUMO. 
EMBO J. 25, 5083-5093. doi: 
10.1038/sj.emboj.7601383 

Ye, Y, and Rape, M. (2009). Building 
Ubiquitin chains: E2 enzymes 
at work. Nat. Rev. Mole. Cell 
Biol. 10, 755-764. doi: 10.1038/ 
nrm2780 

You, J., and Pickart, C. M. (2001). 
A HECT domain E3 enzyme 
assembles novel polyUbiqui- 
tin chains. /. Biol. Chem. 276, 
19871-19878. doi: 10.1074/jbc. 
M100034200 

You, Z., Bailis, J. M., Johnson, S. A., 
Dilworth, S. M., and Hunter, T. 
(2007). Rapid activation of ATM 
on DNA flanking double-strand 
breaks. Nat. CellBiol. 9, 1311-1318. 
doi: 10.1038/ncbl651 

Yu, X., and Chen, J. (2004). DNA 
damage-induced cell cycle 
checkpoint control requires CtIP, a 
phosphorylation-dependent bind- 
ing partner of BRCA1 C-terminal 
domains. Mole. Cell. Biol. 24, 
9478-9486. doi: 10.1128/MCB.24. 
21.9478-9486.2004 

Yu, X., Fu, S, Lai, M., Baer, R., 
and Chen, J. (2006). BRCA1 
Ubiquitinates its phosphorylation- 
dependent binding partner CtIP. 
Genes Develop. 20, 1721-1726. doi: 
10.1101/gad.l431006 

Zhang, F. P., Mikkonen, L., Toppari, 
J., Palvimo, J. J., Thesleff, I., and 



www.frontiersin.org 



June 2013 | Volume 4 | Article 106 | 17 



Bologna and Ferrari 



Post-translational modifications in the DNA damage response 



Jaime, O. A. (2008). Sumo-1 
function is dispensable in nor- 
mal mouse development. Mole. 
Cell. Biol. 28, 5381-5390. doi: 
10.1128/MCB.00651-08 

Zhang, M., Windheim, M., Roe, S. M., 
Peggie, M., Cohen, P., Prodromou, 
C, et al. (2005a). Chaperoned 
ubiquitylation-crystal structures of 
the CHIP U box E3 Ubiquitin ligase 
and a CHIP-Ubcl3-Uevla complex. 
Mol. cell 20, 525-538. doi: 10.1016/ 
j.molcel.2005.09.023 

Zhang, Y. W., Otterness, D. M., Chiang, 
G. G., Xie, W., Liu, Y. C, Mercurio, 
E, et al. (2005b). Genotoxic stress 
targets human Chkl for degrada- 
tion by the Ubiquitin-proteasome 
pathway. Mole. Cell 19, 607-618. 
doi: 10.1016/j.molcel.2005.07.019 



Zhang, Y. W., Brognard, J., Coughlin, 
C, You, Z., Dolled-Filhart, M., 
Aslanian, A., et al. (2009). The F box 
protein Fbx6 regulates Chkl stabil- 
ity and cellular sensitivity to replica- 
tion stress. Mole. Cell 35, 442-453. 
doi: 10.1016/j.molcel.2009.06.030 

Zhao, C., Collins, M. N., Hsiang, 
T. Y, and Krug, R. M. (2013). 
Interferon- induced ISG15 path- 
way: an ongoing virus-host battle. 
Trends Microbiol. 21, 181-186. doi: 
10.1016/j.tim.2013.01.005 

Zhao, H., and Piwnica- Worms, H. 
(2001). ATR-mediated checkpoint 
pathways regulate phosphory- 
lation and activation of human 
Chkl. Mole. Cell. Biol. 21, 
4129^139. doi: 10.1128/MCB. 
21.13.4129-4139.2001 



Zheng, N., Wang, P., Jeffrey, P. 
D., and Pavletich, N. P. (2000). 
Structure of a c-Cbl-UbcH7 
complex: RING domain func- 
tion in Ubiquitin-protein 
ligases. Cell 102, 533-539. doi: 
10.1016/S0092-8674(00)00057-X 

Zou, L., and Elledge, S. J. (2003). 
Sensing DNA damage through 
ATRIP recognition of RPA-ssDNA 
complexes. Science 300, 1542-1548. 
doi: 10.1126/science.l083430 



Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 



Received: 27 March 2013; accepted: 24 
May 2013; published online: 11 June 
2013. 

Citation: Bologna S and Ferrari S (2013) 
It takes two to tango: Ubiquitin and 
SUMO in the DNA damage response. 
Front. Genet. 4:106. doi: 10.3389/fgene. 
2013.00106 

This article was submitted to Frontiers in 
Cancer Genetics, a specialty of Frontiers 
in Genetics. 

Copyright © 2013 Bologna and Ferrari. 
This is an open-access article dis- 
tributed under the terms of the Creative 
Commons Attribution License, which 
permits use, distribution and reproduc- 
tion in other forums, provided the origi- 
nal authors and source are credited and 
subject to any copyright notices concern- 
ing any third-party graphics etc. 



Frontiers in Genetics | Cancer Genetics 



June 2013 | Volume 4 | Article 106 | 18 



